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The purpose and objectives of industrial food production 
Industrial food production chains transform agricultural commodities into a vast 
diversity of food products and ingredients that are supplied to different markets. 
They can be very complex, connecting the primary sector with the food processing 
industry and the distribution sector [1]. A food production chain can be considered 
as a sequence of processes, either in series or in parallel, that induce physico- or bio-
chemical transformations in agricultural raw materials to make them edible, safe, 
nutritious, and stable.  
Food process engineering science has been used traditionally for the design of 
processes that lead to the creation of stable food products but its focus is integrating 
with the design of products themselves in the recent decades [2]. Therefore, the 
purpose of food process engineering science is to develop industrial food production 
chains that allow the manufacturing of desirable, healthy, shelf-stable, transportable, 
and profitable food products, and it is characterized by three main objectives (Figure 
1) [3, 4]. The first objective is the identification of all relevant phenomena that are 
necessary for food processing (e.g. phase changes, changes in physical and 
nutritional properties, changes in quality aspects, etc.). The second objective is the 
process system design (e.g. formulating the appropriate composition for obtaining 
pre-specified sensory profiles in the final product, identifying the optimal time-
temperature combinations, etc.). The third objective is the optimal control of the 
designed process (e.g. maintenance of appropriate temperature and humidity levels, 
correction of pH, etc.). 
So far, the focus of food process engineering science was on designing individual 
processing steps rather than complete food production chains from raw materials to 
final products in an efficient manner. The large diversity in the physical and 
biochemical phenomena occurring during processing, and the lack of flexibility of 
most food processes in coping with changes in the properties of agricultural raw 
materials are some of the main reasons that make food process design complex [5]. 
Clearly, designing industrial food production chains is not a trivial task.  
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Figure 1. The purpose and the inherent objectives of food process engineering 
adapted by [3] and [4]. 
The sustainable design of industrial food production chains 
A number of advancements have been made in the methodology for process design 
mainly in the chemical industry, which could also inspire the food industry. For 
example, process synthesis can be used for the systematic or even automatized 
selection of the “best” flowsheet of processes, even when limited information is 
available [6], while conceptual process design can assist in the design of cost-, and 
energy-effective processes [7].  
A new approach for designing sustainable chemical processes is bio-refinery design 
which, unfortunately still translates into high capital investments and processing 
costs [8]. Additional design challenges include: a) the increased complexity due to 
environmental constraints and objectives to be optimized, b) the consideration of the 
whole supply chain (including the delivery and the disposal of the products), and c) 
the multiple sources of uncertainty (e.g. in the inventory of the assessment, in the 
demand and the market prices, etc.) [9].  
Similar arguments hold for the design of industrial food production chains where 
foods are produced on a global scale to meet customer demands at a minimum cost, 
and where there is still a considerable  improvement potential for the efficient 
utilization of raw materials, energy inputs, and side-streams. Important aspects that 
have been stressed are: the production of nutritious and healthy food, the 
communication of transparency and responsibility towards the consumers [10], and 
the promotion of industrial collaboration between and within organizations and 
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companies to implement material waste recycling, energy cascading, and renewable 
energy use [11].  
The interest in improving the sustainability of industrial food production chains is 
growing. There are numerous global initiatives for enhancing the awareness of both 
consumers and stakeholders in reducing food losses and food wasted along and 
across food networks [12, 13]. This is partly borne from a cost perspective, but is 
also related to the awareness that with the future population of the Earth, we will not 
be able to sustain our current food production and consumption patterns, without 
making much better use of our resources.  
New concepts emerge for value creation from food waste and biomass, for example 
by the extraction of valuable bio-active components using green technologies (e.g. 
microwave-assisted extraction, bio- and chemo-enzymatic conversions, cascade 
separations etc.) [14], or by biofuels production through hydrolysis [15] and bio-
catalysis [16]. This creates a different perspective on the whole chain, now not just 
for production of a single food component, but more and more oriented towards total 
use of a raw material for a range of products, including food ingredients, non-food, 
bio-based components, and biofuels. 
Customizable conceptual models have been developed to help policy-makers and 
industry managers in identifying and monitoring locations in the food network 
where surpluses of food are generated and which could be reused depending on their 
“degree of recoverability” [17]. However, the usefulness of these models depends to 
a great extent on the structure of the network. On a societal level, it is not yet clear 
how to create the right incentives to convert our current industrial system towards 
one that would actively strive for total and efficient use of our resources.  
Water and energy management methodologies and technologies are also 
encountered more frequently in the food industry. For example, Ruini et al. [18] 
estimated the water footprint of a pasta production food company where they 
identified the cultivation of wheat as the main contributor, and stressed the 
importance of considering virtual water fluxes involved in the complete chain. 
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Ridoutt et al. [19] studied the water footprint of the Australian mango industry and 
they stressed that the food waste reduction along the mango chain could have a 
positive impact on freshwater savings that could be even greater than other water 
use efficiency measures. Muller et al. [20] proposed an energy management method 
for food production factories, which combines a multi-linear regression model for 
obtaining a holistic view of the energy consumption (top-down approach) with a 
thermodynamic assessment of the most energy-influential processes (bottom-up 
approach). Raghu Ram and Banerjee [21] showed that the thermodynamic 
performance of a sugar production factory could be improved considerably by 
adding a fifth evaporator stage. Becker et al. [22] compared the pros and cons of two 
different integration methods of a heat pump in a cheese production factory where, 
amongst others, they considered the easiness of implementation, investment costs, 
and energetic efficiency. Zhelev and Zheleva [23] developed a method for 
minimizing water and energy requirements, and for identifying trade-offs between 
these two objectives through a combined water and thermal pinch analysis. 
Evidently, the efforts in intensifying waste and energy reduction are becoming more 
popular in the food industry. 
Traditionally, the focus of the food industry was on the production of safe and 
inexpensive food ingredients and products which is however characterised by the 
simultaneous generation of side-streams at the expense of considerable amounts of 
energy and raw materials. A modern way of designing food production chains is 
shifting from optimizing individual processes to formulating new products with 
desirable properties for consumers. In the future, the design methodology will shift 
towards bio-refinery and energy and material cascading concepts where waste-
streams will be seen as valuable side-streams. Ultimately, sustainability will become 
the leading criterion for designing industrial food production chains to which the use 
of exergy-based methodologies will provide foundations for their objective 
assessment.  
 6 
 
Resource efficiency within the context of exergy 
Sustainability generally considers economic, social and environmental aspects. This 
thesis is restricted to assessing the environmental performance of industrial food 
production chains in terms of resource efficiency. Here, resource efficiency is 
quantified with the concept of exergy, in which all material and energy flows attain 
values of usefulness, with the same unit (Joule), relative to a defined environment of 
reference. Exergy is the maximum amount of useful work that is embedded in the 
materials and energy resources, relative to the environment of reference, and which 
is obtained by the biological growth on the fields and farms, and is modified during 
the conversion process of one form of energy into another.  
The essence of resource efficiency is reflected in the following definitions according 
to the Oxford dictionary [24]: 
Resource: “A stock or supply of … assets that can be drawn on by a person 
or organization in order to function effectively”  
Efficiency: “(Of a system or machine) achieving maximum productivity 
with minimum wasted effort or expense”   
Therefore, an industrial food production chain is resource efficient within the 
context of exergy when it achieves the highest utilizable output exergy (e.g. a 
portfolio of food products and/or services) with the lowest possible exergy losses 
and exergy investment drawn from the environment when producing food products. 
The need for the use of objective sustainability assessment tools such as exergy 
analysis, is stressed by various authors [25-32]. The concept of exergy has been 
widely explored by the global scientific community with applications ranging from 
economics, where exergy was proposed as a “factor of production” that is equally 
important to labor and capital [33, 34], to the health assessment of ecosystems 
whose state and adaptation could be reflected in their structural exergy (ability to 
accept and utilize external fluxes of exergy) [35].  
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Gouy-Stodola theorem 
To demonstrate the usefulness of exergy in estimating the utilizable work of a 
stream we analyse the conversion of thermal energy into work by a conceptual 
simple heat engine (Figure 2). Following the first law of thermodynamics, the total 
energy in an isolated system is constant, and the maximum work 𝑊𝑚𝑎𝑥 obtained is: 
𝑊𝑚𝑎𝑥  = 𝑄𝐻 − 𝑄𝐶  
where 𝑄𝐻 , and 𝑄𝐶 , are the thermal energies of the hot source of temperature 𝑇𝐻 , and 
the cold sink of  temperature 𝑇𝐶 , respectively.  
The first law efficiency 𝜂𝐼 (also known as the Carnot efficiency) of the process is: 
𝜂𝐼 =
𝑊𝑚𝑎𝑥
𝑄𝐻
=
𝑄𝐻 − 𝑄𝐶
𝑄𝐻
=
𝑇𝐻 − 𝑇𝐶
𝑇𝐻
= 1 −
𝑇𝐶
𝑇𝐻
 
This energy efficiency shows the upper bound of work that could be obtained by the 
heat engine in ideal conditions when operating at a particular temperature difference.  
In exergy analysis, the actual useful work of a hot (or cold) stream is evaluated 
relative to a particular environment of reference of a temperature 𝑇𝑜. A “theoretical” 
heat engine between the streams and the environment is assumed to calculate the 
useful work from the difference between the thermal exergy of the hot (𝐵𝐻) and the 
cold (𝐵𝐶) stream:  
𝑊𝑢𝑠𝑒𝑓𝑢𝑙 = 𝐵𝐻 − 𝐵𝐶 = (1 −
𝑇𝑜
𝑇𝐻
) 𝑄𝐻 − (1 −
𝑇𝑜
𝑇𝐶
) 𝑄𝐶 = 𝑄𝐻 − 𝑄𝐶 − 𝑇0
𝑄𝐻
𝑇𝐻
+ 𝑇0
𝑄𝐶
𝑇𝐶
 
The ratio of thermal energy over temperature is entropy, and therefore: 
𝑊𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑄𝐻 − 𝑄𝐶 − 𝑇𝑜(𝑆𝐻 − 𝑆𝐶) 
𝑊𝑢𝑠𝑒𝑓𝑢𝑙 = ∆𝑄 − 𝑇𝑜∆𝑆 
𝑊𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑊𝑚𝑎𝑥 − 𝐵𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑  
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𝐵𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 = 𝑇𝑜∆𝑆 
This relation is known as the Gouy-Stodola relation that links exergy destruction 
(i.e. dissipation of thermal energy) to a change in entropy. Thermal gradients 
constitute only one type of the sources of exergy destruction. Differences in 
concentration, and pressure, for example, can also contribute to the production of 
irreversibility.  
 
Figure 2. Conceptual heat engine where, left: energy analysis, and right: exergy 
analysis, are applied. 
 
Why should the food industry use exergy analysis?    
The usefulness of assessing industrial food production chains by exergy analysis can 
be summarized in four aspects:  
 The first reason is that the method allows the identification of the minimum 
requirements of a process or even a complete food production chain, in 
terms of exergy destruction. In other words, we can estimate the minimum 
thermodynamic cost for producing a food product, which sets an absolute 
minimum of the use of resources for a particular activity.  
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 Secondly, because we can identify the exact location, nature and size of any 
additional inefficiencies in the process that lead to exergy wasted (e.g. 
waste heat), and which could theoretically be reused because of its 
unexploited exergy content. In an exergy analysis all waste streams 
(including food losses and food waste as defined by Gustavsson et al. [12]) 
can be considered as side-streams that contain useful chemical, and 
potentially physical exergy that could be reused somewhere else in the 
system theoretically. In this thesis, the waste streams of a food production 
chain are distinguished as the raw materials, intermediate products, final 
products, emissions, and waste heat streams that are discarded to the 
environment for various reasons (e.g. quality aspects, spoilage, 
mismanagement etc.) without being used. 
 
 Thirdly, because we can assess complete networks and sequences of 
processes, from raw materials to final products, to identify locations along 
the chain where considerable amounts of exergy are destroyed and/or 
wasted. Since exergy is a universal concept, it can be applied on any level 
and sub-level. This makes it suitable for the analysis of very complex 
systems. 
 
 Fourthly, because exergy is a state variable, we can easily use it to compare 
whether a modification in a process design, or a different configuration of a 
set of processes will be beneficial for the thermodynamic sustainability of 
the overall system studied. For this we do not need detailed information of 
the actual workings of a system, as long as we know the inputs and outputs 
on the correct level of detail.  
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By understanding how industrial food production chains perform exergetically, their 
eco-efficient design will be facilitated without the unnecessary degradation and 
depletion of natural resources. Food production chains that are well thought in their 
design, and focus, amongst others, on simplicity and adaptability in a constantly 
changing environment, will be of lasting value.  
Connecting exergy analysis with food process engineering 
For a better understanding of the type of research questions that can be addressed by 
exergy analysis in the field of food engineering, one has to place both individual 
scientific disciplines under a conceptual scheme to see how they can be connected. 
Becher proposed a scheme that identifies two main dimensions, each one with their 
respective set of properties [36, 37]. The first dimension is the cognitive dimension, 
which can be described by the properties of "rigidity" (hard versus soft science) and 
"purity" (pure versus applied science). The second dimension is the social 
dimension, which is characterized by the properties of "similarity" (convergent 
versus divergent science) and "ecology" (urban versus rural science
1
). For example, 
Tranfield and Starkey [36] used these dimensions to map management and which 
they identified as a soft, applied, divergent and rural science. These dimensions are 
adapted in this thesis for our purposes to capture the aspects that describe both food 
process engineering and exergy analysis. The cognitive dimension is here described 
by “purity” and “reasoning” (inductive versus deductive), and the social dimension 
is described by “similarity” and “structure” (centralized versus distributive). 
Figure 3 shows the position of food process engineering, and exergy analysis on the 
conceptual map described by a dimensional scheme adapted by Becher. Food 
process engineering can be categorized as an inductive, applied, convergent, and 
centralized scientific field. Firstly, because it is based on observations and measures 
to identify patterns and regularities which can be used to formulate tentative 
hypotheses, and ultimately, lead to general conclusions and theories (inductive 
science). Secondly, because it is prone to a number of external factors, e.g. changes 
                                                          
1The urban and rural properties are meant to describe qualitatively the density and distribution of 
scientific efforts within a scientific field. 
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in policies and regulations, and, therefore, it is non-cumulative in terms of linear and 
logical development of academic agendas (applied science). Thirdly, because it 
follows cohesiveness in ideology within the scientific community (convergent 
science). Finally, because research lines in general seem to focus in similar and well 
known “research highways”, even though food process engineering covers a vast 
spectrum of food types and processes (centralized science).  
Exergy analysis on the other hand, can be seen as a deductive, pure, convergent, and 
distributed scientific field. Firstly, because exergy is a concept based on 
fundamental thermodynamics (deductive science). Secondly, because it is 
continuously extended methodologically by the scientific community in a logically 
linear, and cumulative manner (pure science). Thirdly, because it is very cohesive in 
its principles and ideology even though it is used by scientists that are interested in 
various applications ranging from chemical engineering (e.g. [38]) to medical 
applications (e.g. [39]) (convergent science). Lastly, since exergy is used in different 
fields it has a low people-to-problem ratio leading to a large distribution of scientific 
efforts between all research groups (distributed science).  
Clearly, food process engineering and exergy analysis have to be bridged in a 
coherent and clear way if theory-relevant research questions are to be coupled with 
practice-driven applications. These type of questions can be posed in a broad sense, 
for example:  
 Can we assess industrial food production chains by exergy analysis? 
 Can we understand food processes as thermodynamic engines? 
 What is the exergy investment required to produce food on an industrial 
scale? 
 How much exergy requires the production of a unit of food product? 
 What are the main types of exergy losses in industrial food production 
chains? And where and why do exergy inefficiencies occur? 
 (How) can we improve the sustainability of industrial food production 
chains by using the concept of exergy? 
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Figure 3. Left: The cognitive and, right: the social dimensions of exergy analysis and 
food engineering, where each dimension is characterized by its corresponding 
properties (adapted by Becher [37]). 
Aim and outline of the thesis 
Bridging the fields exergy and food engineering science is the overarching goal that 
this thesis contributes to. Since the methodological and ontological differences are 
not trivial, the aim of this thesis is specified to obtaining at least partial answers to 
the questions given above for specific cases, and from this formulate general rules 
for designing resource (exergy) efficient industrial food production chains by 
identifying exergy-inefficient processes, and understanding the reasons of their 
occurrence.  
A conceptual scheme of the thesis outline is shown in Figure 4. Case studies of 
industrial food production chains and processes are assessed exergetically. 
Economic and social aspects, even though important, are out of the scope. The main 
focus is twofold: First, on understanding why and where exergy is destroyed and 
wasted along industrial food production chains. Secondly, on understanding how to 
design industrial food production chains in an exergy-efficient manner.    
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Figure 4. Conceptual outline of the thesis.  
Chapter 2 is a literature review on the use of exergetic indicators in the food 
industry. The food processes that have been extensively assessed by exergy analysis 
are identified, and the challenges of applying exergy analysis in the food industry, as 
well as potential future trends, are discussed. 
Chapter 3 demonstrates the application of exergy analysis on an industrial bread 
production chain. The conventional bread production technology (where bread is 
wasted at the retailer) is compared, firstly, to a par-baking technology (where bread 
waste is avoided by baking on demand), and, secondly, to a fermented breadcrumb 
technology (where the bread waste is reworked into a new product of equally good 
quality). The results of this case are provided as input for a developed multi-criteria 
decision making model by Banasik et al. [40] where economic aspects are also 
considered.  
Chapter 4 demonstrates the impact of data variability on the identification of 
Critical Exergy loss Points (CEPs) in an industrial mushroom production chain. 
Furthermore, it is shown that any decision regarding chain improvement should be 
based on the nature of exergy losses (which can be either physical or chemical 
exergy). The results of this case are provided as input for a developed multi-criteria 
decision making model by Banasik et al. [41] where economic aspects are also 
considered. 
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Chapter 5 aims at understanding the effects of processing rates on the exergetic 
requirements of a spray drying process. A conventional drying model is presented to 
describe the impact of utilizing air of different qualities on the thermodynamic 
performance of a conceptual convective drying process of a lactose solution. 
Chapter 6 gives a general discussion on the main learning points of the cases 
studied. The learnings are used to formulate general design rules. Moreover, 
additional implications of using the exergy concept are discussed, and an outlook on 
future directions for the implementation of exergy-based methodologies is given.    
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Abstract 
Sustainability assessment will become more relevant for the food industry in the 
years to come. Analysis based on exergy including the use of exergetic indicators 
and Grassmann diagrams is a useful tool for the quantitative and qualitative 
assessment of the efficiency of industrial food chains. In this paper, we review the 
methodology of exergy analysis and the exergetic indicators that are most 
appropriate for use in the food industry. The challenges of applying exergy analysis 
in industrial food chains and the specific features that food processes are also 
discussed.  
Keywords: Sustainability; food industry; exergy analysis 
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Introduction 
The global population will reach 9.6 billion by 2050 [1]. The economic prosperity of 
a big part of the population is also expected to increase, leading to more affluent diet 
patterns that support a very demanding food system in terms of natural resources [2]. 
It is estimated that the current demand for phytomass production will at least double, 
but with the probability of attaining only 80% or less of the total theoretical potential 
yield due to competing claims in land usage, while a number of other reasons like 
the increasing frequency of extreme climatic phenomena, and water and phosphorus 
scarcity will also worsen the situation [3]. As a result, there will be a strong pressure 
on natural resources, energy, and food. Thus, efficient and complete use of our 
resources will be of utmost importance. 
The main challenges the food industry will face are the need for better agricultural 
and post-harvest handling practices, for more efficient food production that uses less 
energy and water, and for minimizing food wastage throughout the complete food 
chain [4]. The total amount of raw materials, water, and energy required along a 
food chain can be substantial depending on the type of food product produced [5]. 
Food waste generation is also considerable since about a third of all the food 
produced globally is lost within the various steps in the food supply chain. About 
7%
12
of this loss is due to industrial processing (Figure 1) which seems small, but 
this wasted food still translates into prodigal expenditure of energy, water, fertilizer 
and land use, all spent in vain.  
                                                          
21Calculated by using data of the report of Gustavsson et al. [6] where the production volumes and the 
percentage of expected losses occurring at the processing and packaging sector for each commodity group 
per region, were considered for the estimation of the processing and packaging food losses (in million 
tonnes).    
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Figure 1. Left: Global food losses in relation to the total global food production. 
Right: Food processing losses in relation to the total global food losses. The values 
used for the estimations were adapted from the report of Gustavsson et al. [6]. 
Many efforts have been undertaken to improve the sustainability of the food industry 
and a number of positive developments can be observed. For example, Lee and 
Okos [7] evaluated successfully different food processing systems that use less 
water and energy, while Alamilla-Beltran et al. [8] identified emerging food 
processing technologies with promising applications such as electroporation, plasma 
processing, pulsed electric fields, and radiofrequency heating, amongst others. 
However, the practical implementation of sustainable improvements in the food 
industry is hindered by the vast product diversity, the specific and limited 
production times, and the large distribution areas [9]. Nevertheless, the need to 
produce food both effectively and efficiently will become even more profound 
because the continuation of unsustainable processing practices will contribute to the 
irreversible depletion of Earth’s natural resources. Several methodologies have been 
proposed for assessing and improving the sustainability of various processes and 
products such as mass flow analysis (MFA) (also known as material throughput 
analysis), energy analysis (EA), life cycle assessment (LCA), Cradle-to-Cradle 
design (C2C), and pinch analysis amidst others [10-16]. 
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Clearly, there is no shortage of sustainability assessment methods. Yet, the most 
challenging task for the scientific community is to agree on useful and operational 
criteria that can connect resource consumption with the generated services 
appropriately [17]. 
Currently, energy is the most common term the food industry used to understand 
process and system performance or efficiency. According to Wall [18], energy 
should be considered as an indestructible quantity that is conserved in every closed 
process. Upon transformation of one energy form to another, part of its initial 
quality is destroyed (irreversibly lost) leading to a lower, degraded quality [19]. The 
concept of energy quality has been described by Van Gool [20] as the possibility of 
energy exchange between a donating and an accepting stream. This possibility was 
defined by Cornelissen [21] as the “maximum work potential of a material or of a 
form of energy in relation to its environment”, and it is known as available work or 
exergy, a term which was originally given by Rant and his co-workers [22] after the 
Greek words “εξ” (out of) and “έργον” (work).  
Now, consensus amongst many authors from different scientific fields develops in 
using exergy analysis (ExA) as an objective methodology for assessing the 
efficiency and hence sustainability of processes and systems, because it is based on 
the first and second law of thermodynamics, considering both the quantity and the 
quality of material and energy streams simultaneously without having to resort to 
subjective weighing factors ([23]; [24]; [25]; [26]; [27]; [28]; [29]; [19]; [30]; [31]). 
The advantages of using ExA over other assessment methods have been discussed in 
detail by various authors, e.g. [17, 32]. The basic principles, the general definitions 
and the differences between energy and exergy have been discussed by Dincer and 
Cengel [33] and Dincer [27].  
BoroumandJazi et al. [34] reviewed the applications of ExA in various industrial 
sectors in different countries. Luis [35] focused on the chemical industry and 
showed that most of the ExA publications relate to the energy and thermodynamics-
related fields. According to Dincer and Rosen [32], ExA seems to be applied mainly 
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by European companies and one of the reasons could be their longer-term 
viewpoints on sustainability. The potential use of ExA in the food industry has been 
demonstrated by Apaiah et al. [36], and now the interest in research in this field is 
rapidly growing (Figure 2.a). However, the number of publications focusing on the 
food industry in relation to the total number of publications and to the chemical 
industry, as shown by Luis [35], is still small, indicating a need for identifying 
relevant research questions that can better couple ExA to food science and 
technology (Figure 2.b). 
Therefore, the aim of this review is to evaluate the usefulness of ExA as a 
sustainability assessment tool, to summarize the most commonly used exergetic 
indicators and their application in the food industry to identify particular features 
food processes and chains have, and to identify possible future directions for further 
research.  
 
Figure 2.a Number of published papers related to exergy analysis applied in the food 
industry. The results are obtained after the comparison of 134 publications to the 
best of the authors knowledge. Figure 2.b Total number of exergy analysis 
publications related to the chemical industry as shown by Luis [35], and to the food 
industry. 
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Applications of exergy analysis in the food industry 
Most food process related publications using ExA focus on drying technologies 
(66%), followed by food chains having wider boundaries (10%), and 
heating/pasteurization processes (6%) (Figure 3.a). The remaining studies deal with 
other processes such as heating, evaporating, and chilling, and some of them 
consider whole countries including the agricultural sector (societal chains). The 
main drying technologies studied are related to general aspects of drying (17%) but 
innovative drying methods such as solar drying (19%) and the use of heat pump 
drying (16%) receive growing attention as well (Figure 3.b). Solar drying case 
studies have been reviewed by Panwar et al. [37] and mathematical models for thin 
or thick layer solar drying have been discussed by Bennamoun [38]. El-Sebaii and 
Shalaby [39] described the different types of solar dryers used in the drying of 
agricultural products. Heat pump drying systems were summarized by Colak and 
Hepbasli [40], while Bruttini et al. [41] suggested operational policies for 
exergetically sustainable freeze drying of pharmaceutical products. Dincer and Sahin 
[42] proposed an exergetic model for the design of thermodynamically efficient 
moist solid drying operations, while the energetic and exergetic efficiencies as well 
as general sustainability aspects of dryers have been discussed by Dincer [43]. The 
reason that drying receives more attention is undoubtedly because it is one of the 
most energy demanding processes due to the high latent heat of vaporization of 
water, and the inefficient use of energy in case of spray drying [44]. Most of the 
publications studied (62%) focus on practical applications of ExA, either on 
experimental rigs or larger scale equipment, while about a third of them (30%) relate 
to modelling of food processes or chains, and the rest (8%) are literature reviews 
that do not focus on the food industry but discuss relevant processing technologies 
(e.g. drying). Grassmann diagrams were used in about 17% of the publications to 
represent exergy flows, an aspect that can be important for communicating visually 
the results of ExA to non-expert stakeholders.  
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Figure 3. Publications of ExA applied in the food industry which show: figure 3.a the 
main type of processes researched, and, figure 3.b the main drying technologies 
researched. The results are obtained after the comparison of 134 publications to the 
best of the authors’ knowledge.   
Exergy analysis  
ExA identifies parts within a system where most of the exergy is wasted and/or 
destroyed, and it can help to understand better the reasons that causes those 
inefficiencies [45]. A typical stepwise procedure to conduct a general ExA is 
described by Dincer and Rosen [28]. The procedure for applying the exergy analysis 
methodology in industrial food chains is proposed as follows: 
1. Define the system boundaries of the food process or chain including all 
crucial steps; 
2. Determine an environment of reference, which should reflect local 
environmental conditions; 
3. Conduct a mass flow analysis, an energy analysis, and an exergy analysis 
using only the most relevant forms of exergy to construct Grassmann 
diagrams; 
4. Define and calculate thermodynamic indicators; 
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5. Interpret the results; 
6. Propose and assess potential modifications/improvements; 
7. Communicate the results.  
Defining the system boundaries 
The choice of system boundaries for the evaluation of different food processes or 
chains is an important step because it considerably affects the outcome of the 
analysis as shown by Seckin et al. [46]. Stanek and Gazda [47] argued that the 
system boundaries should be extended when renewable resources are included in the 
analysis, to account for the origin (extraction) of the natural resource. The use of 
broad system boundaries will give a more detailed overview of the analysed chains, 
but it can lead to extensive calculations and excessive use of assumptions that 
complicate the analysis. On the other hand, the use of tighter system boundaries will 
simplify the analysis but it will also omit the identification of the impact of 
potentially relevant “external” processes.  
Defining the environment of reference 
To calculate the available work of each stream, an environment of reference has to 
be selected. Several reference environment models have been developed and these 
are discussed by Dincer and Rosen [28] who mentioned that one of the most 
commonly used ones is the natural-environment-subsystem model. In this model, the 
environmental temperature is adjusted to match the local geographical conditions of 
the system under study. This approach is used in many of the publications studied in 
this review. In cases where psychrometric processes or pressure differences are 
relevant, the humidity of the ambient air and the pressure of the reference 
environment should be considered as well.  
For example, Figure 4.a shows how the chemical exergy of 1 kg air changes with 
increasing its moisture fraction at constant environmental moisture content and at 
different environmental temperatures (K), while Figure 4.b shows how the total 
exergy of 1 kg of air changes with increasing both its moisture fraction and its 
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temperature at constant environmental moisture and environmental temperature. 
This shows that the selection of a particular environment of reference will influence 
the outcome of an ExA of, for example, a drying process, since the exergetic 
contents of all relevant streams and the exergetic efficiencies in the analysed system 
are calculated in relation to this environment. 
 
Figure 4.a Chemical exergy of 1 kg of moist air as a function of its moisture content 
at a constant environmental moisture content (0.008 kg water/kg dry air) and at 
different environmental temperatures. Figure 4.b Contour plot of the total exergy of 
1 kg of moist air as a function of its moisture content (kg water/kg dry air) and its 
temperature (K) at constant environmental moisture content (0.008 kg water/kg dry 
air) and at constant environmental temperature (298 K). 
Defining the relevant forms of exergy 
The most relevant relations for conducting an ExA are shown in Table 1. It is 
common practice to consider only the relevant forms of exergy involved in the 
process, which are classified into three main categories: the physical, the chemical, 
and the mixing exergy. The total exergetic content of a stream is the sum of all of 
those exergies. The physical exergy can be further categorized into thermal, 
pressure, kinetic, potential, and electrical exergy, of which the three latter ones are 
fully convertible into work meaning that they are equal to their corresponding 
energies. The chemical exergy, according to Dincer and Rosen [48], “represents the 
maximum work extractable from a system at the pressure and temperature of the 
reference environment [non equilibrium state] as it changes to a system with the 
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same composition, pressure and temperature as the reference environment 
[equilibrium or dead state]”. Therefore, the chemical exergy of the stream can be 
calculated by knowing the chemical composition of a mass stream, expressed in 
mass fractions, and the specific chemical exergy of each component, which values 
can be found in literature [26, 49]. The mixing exergy is relevant when two or more 
different streams are mixed causing a spontaneous loss in exergy.  
The physical exergy forms that are frequently involved in food processing are the 
thermal, the pressure and the electrical exergies. However, the chemical exergies are 
typically much larger than the physical exergies. While most of the chemical exergy 
is usually preserved during food processing, any unused material side stream 
represents a significant loss on the total amount of exergy, which is generally larger 
than most losses due to inefficient use of physical exergy. Recently, Jankowiak et al. 
[50] compared the extraction of isoflavones from okara (soymilk by-product) by 
water and by ethanol and showed that, even though water leads to a lower yield of 
these bioactive components, it is exergetically more efficient than ethanol due to the 
loss of the latter (chemical exergy loss) during the distillation process and with the 
spent okara. Evidently, the full use of the raw materials and all material streams 
involved in a system is more important than the efficient use of physical exergy 
(e.g., in heating, cooling, and phase changes). 
Having all relevant stream exergies calculated, one can construct a Grassmann 
diagram. This diagram shows schematically the types of exergy flows considered in 
a process or a system. When the chemical exergy flows are excluded from the 
Grassmann diagram, the physical exergy streams can be shown better, which reveal 
those parts in the chain where most non-material losses occur, making the diagram 
an effective way of communicating the exergy analysis results.   
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Table 1. Indicative list of forms of exergy and formulas used for their calculation. 
Form of exergy Formulas 
Total exergy of a stream 𝐵𝑖 = 𝐵𝑖,𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 + 𝐵𝑖,𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 + 𝐵𝑚𝑖𝑥 
Physical exergy of a stream 𝐵𝑖,𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 = 𝐵𝑖,𝑡ℎ + 𝐵𝑖,𝑝𝑟 + ⋯ + 𝐵𝑖,𝑒 
Thermal exergy of a stream 𝐵𝑖,𝑡ℎ = ∫ (1 −
𝑇𝑜
𝑇
) 𝑑𝑄𝑖
𝑇2
𝑇1
 
Pressure exergy of an incompressible liquid stream 𝐵𝑖,𝑝𝑟 = ∫ 𝑃𝑑𝑉
𝑃2
𝑃1
 
Pressure exergy of an ideal, gaseous stream 𝐵𝑖,𝑝𝑟 = 𝑅𝑇𝑜𝑙𝑛 (
𝑃
𝑃𝑜
) 
Chemical exergy of a stream 𝐵𝑖,𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 = 𝑚𝑖 ∑(𝑏𝑜,𝑗𝑥𝑗) 
Mixing exergy 𝐵𝑚𝑖𝑥 = 𝑁𝑖𝑅𝑇𝑜 ∑ (𝑥𝑗ln (𝑎𝑗)) 
 
The use of exergetic indicators 
Exergetic indicators, which address different aspects of thermodynamic 
performance, are useful to obtain a better understanding of the irreversibilities and 
exergy losses in a food chain. A single exergetic indicator might not be sufficient to 
describe completely the thermodynamic performance of an industrial food chain. 
Various exergetic indicators have been used for the exergetic assessment of food 
processes and food chains as shown in Figure 5, and a summarized (but not 
exhaustive) list with their definitions and applications is shown on Table 2. 
 
Figure 5. Main exergetic indicators used in industrial food processes and food 
chains. The results are obtained after the comparison of 134 publications to the best 
of the authors knowledge. 
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 The exergetic efficiency is one of the most frequently used indicators for 
the sustainability assessment of food processes. It shows how well the 
exergetic inputs are utilized within the process or chain. It is always lower 
than the energetic efficiency because it represents the deviation of the 
current food chain from ideality. It is thus equal to the total amount of 
useful exergy that emerges from the system (∑ 𝐵𝑜𝑢𝑡,𝑢𝑠𝑒𝑓𝑢𝑙), divided by the 
total amount of exergy absorbed by the system (∑ 𝐵𝑖𝑛): 
 
𝜂𝑒𝑥𝑒𝑟𝑔𝑦 =
∑ 𝐵𝑜𝑢𝑡,𝑢𝑠𝑒𝑓𝑢𝑙
∑ 𝐵𝑖𝑛
 
 
In other words, it shows the loss relative to the maximum theoretical work 
that could be achieved by the use of processing technologies in the food 
chain. As a consequence, its maximum achievable value is fixed based on 
the exergetic efficiencies of the constituent steps in the chain. Therefore, 
the total food chain exergy efficiency could never reach 100% even if much 
more efficient technologies would be used.  
 
The exergetic efficiency can be defined in various ways and the exact 
definition depends on what the analyst considers as an appropriate 
description [21, 51]. The simultaneous use of three different exergetic 
efficiencies has been demonstrated in an evaporating cooling process [52] 
and in an orange juice concentration process [53]. According to Valero 
(1998) [54], the way the exergetic efficiency is calculated depends on the 
way the thermodynamic costs (exergetic contents) of the inputs and the 
products are allocated. The exergetic content should be allocated 
proportionally to their quantities when different products of the same 
quality are produced. In this case, the exergetic efficiency should be 
expressed according to the exergy of the output products over the total 
exergetic inputs [54]. If the exergy inputs are not fully exploited and part of 
them leaves the system (i.e., are discarded as waste and returned to become 
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part of the environment), the exergetic efficiency should be expressed 
according to the exergy of the output product over the part of the input 
exergy that was utilized [54]. 
 
In general, the calculation of the efficiency should meet a set of conditions: 
it should be based on relevant and influential data, it should be easy to 
calculate, it should have a practical application, and it should be sensitive to 
changes, thus enabling a range between zero and one [51]. However, the 
efficiency is a ratio, and, therefore, a relative number that does not 
necessarily describe its thermodynamic performance completely. For 
example, Figure 6 shows that the exergetic efficiency of two different food 
processes is the same, however, in food process A, a considerably larger 
amount of exergy is lost. Therefore, the exergetic efficiency should always 
be explicitly defined and considered along with other thermodynamic 
indicators. 
 
Figure 6. Grassmann diagrams of two different food processes that have the same 
exergetic efficiency. 
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 The second most-used indicator in the publications  is the absolute exergy 
loss. Certain exergy losses are associated with the transformation of raw 
materials into final products within the food chain. Those losses relate to 
different mechanisms such as heat transfer in thermal processing, induction 
of phase changes, concentration and mixing. They can be expressed 
directly by thermodynamic indicators (e.g. cumulative exergy losses and 
exergetic efficiency), and visualised by Grassmann diagrams as the 
decrease in the size of the arrows going in and out of the system. According 
to Sciubba [30], exergy loss is a “proper indicator of the global conversion 
performance of an energy-conversion chain, including complex structures”. 
Exergy loss refers to both to the exergy destroyed irreversibly within a 
process (internal losses), and also to any other exergy that gets wasted to 
the environment due to other inefficiencies, e.g. from waste streams or by 
lack of proper insulation (external losses) [54, 55].  
 
Further insights on thermodynamic process performance can be obtained by 
the Advanced Exergy Analysis [56]. According to this methodology the 
exergy destruction of a process is split into endogenous losses (due to the 
operation of a component of the process in real conditions when the rest of 
its components run in ideal conditions) and exogenous losses (calculated by 
subtracting the endogenous losses from the overall exergy destruction), as 
well as in unavoidable losses (that cannot be improved by any 
technological or economic improvement) and avoidable losses (calculated 
by subtracting the unavoidable losses from the overall exergy destruction).  
Szargut [57] proposes a dependency of exergy losses within the different 
parts of a multistage process, meaning that a modification in one part of a 
chain might reduce the local losses but could influence the total losses 
considerably. The importance of considering the total chain of processes 
instead of focusing on a single unit operation has been demonstrated 
experimentally in a milk processing system [58].   
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 The third most commonly used indicator is the improvement potential (𝐼𝑃). 
Van Gool [59] argues that the IP should be used for comparing different 
processes of different scales and even of different sectors, even though the 
obvious maximum improvement for a given process is its total exergy loss.  
 
 The fourth most commonly used indicator is entropy generation, which is 
related to exergy destruction through the Gouy-Stodola relation [60-63]. 
Exergy destruction and entropy generation should be considered as parallel 
(and not opposite) concepts because the former gives information about the 
work that was irreversibly lost during a process in relation to a reference 
environment, while the latter marks the uncertainty (or disorder) in the 
quality of energy that is created during the utilization (degradation) of this 
useful work, and both are expressions of the second law of the 
thermodynamics [64].  
 
 The fifth indicator is the exergy destruction ratio, which is also known as 
the depletion number, and it was originally defined by Connelly and 
Koshland [65] as the exergy destroyed in a process over the total exergetic 
input. The exergy destruction ratio indicates a better efficiency with a lower 
value, contrary to most other indicators. The exergy destruction ratio is the 
reciprocal of the sustainability index SI as proposed by Rosen et al. [24], 
which shows how a change in the exergetic efficiency impacts the 
sustainability of a process. 
 
 The cumulative exergy loss is the sixth most-used indicator and it is defined 
as the summation of the losses that occur during the production of a certain 
or multiple products [66]. The cumulative exergy losses can be calculated 
by subtracting the total useful exergy delivered at the last step of the chain 
(or throughout the chain) from the cumulative exergy consumption  [67].  
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Many other indicators have been developed in different scientific fields and have 
found application in the food industry also but not to a large extent. The use of 
renewable and non-renewable energy sources can be of relevance in a 
thermodynamic analysis because both of those energy sources might have the same 
exergy content but different overall thermodynamic impact, as suggested by Stougie 
and Van der Kooi [68]. Recently, Maes and Van Passel [19] introduced the 
renewability fraction that is useful in identifying the actual exergetic value of 
renewable sources, which considers the sunlight required to produce the renewable 
resource, the forest abatement costs for carbon dioxide sequestration and oxygen 
production, and the actual sunlight captured by the process studied. A similar 
indicator has been used in assessing the performance of strawberry cultivation in 
greenhouses by different heating methods [69]. Dewulf et al. [70] introduced the 
exergetic renewability defined as the renewable exergy fraction used over the total 
exergy input, and the environmental compatibility defined as the total exergy input 
over the total exergy input plus the exergy required to abate emissions and wastes. 
Another promising indicator is eco-exergy, a concept developed by Jørgensen and 
his co-workers [71] in which the embodied information in living organisms in the 
form of DNA is assigned as potential energy work. Other less used indicators are the 
specific exergy destruction [72] [73, 74], the exergy loss rate [75], the exergy-to-
energy ratio [76], the exergy heating effectiveness [77], the weighted mean overall 
exergetic efficiency (used in a country scale system) [78, 79], the exergetic factor, 
productivity lack, relative irreversibility [80], and peak exergy (used in solar drying 
analysis) [81, 82]. 
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Communicating the results of an exergy analysis 
Conveying the main outcomes of an ExA to non-expert stakeholders can be as 
important as the analysis itself. Grip et al. [176] stated that the lack of a strategy in 
working with ExA, the lack of information on the opportunities that it offers, the lack 
of competence within the organization, the lack of time, and different prioritization 
strategies, hindered the implementation of ExA in Swedish companies. Additionally, 
companies perceived ExA as a method that was not required or was not applicable, 
or it was difficult to use and to communicate within their hierarchy levels due to the 
asymmetric knowledge on the topic. It is clear that the communication aspect of an 
ExA should be considered during industrial sustainability assessments seriously. 
Thermodynamic sustainability  
A process can be considered sustainable in thermodynamic terms when the amount 
of exergy lost is small during its operation, which results in most of the selected 
thermodynamic indicators attaining their optimal values. For example, the 
cumulative exergy losses and the specific exergy losses should be as low as possible, 
while the total exergetic efficiency should be the highest possible. In other words, 
the total thermodynamic price to run the process and to produce one unit of product 
should be minimal, while the total exergy throughput should be as efficient as 
possible without degrading its quality.  
However, some of the indicators may show conflicting results in practice. For 
example, Aneke et al. [158] compared two industrial food chillers that make use of 
waste heat: the first one being an organic Rankine cycle powered vapour 
compression refrigeration process and the second one an ammonia-water absorption 
refrigeration system. They found that for pressure ratios higher than or equal to the 
breakeven point (where the coefficient of performance is identical for both 
processes) the first process was more efficient. However, for lower pressure ratios 
the second process was more efficient even though it produced higher irreversibility. 
They assigned this paradox to the fact that the absorption refrigeration process 
included more heat exchangers that are also entropy generators. Such conflicting 
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results require a more in-depth observation of all the obtained values of the 
indicators and the most relevant one for the studied system should be selected to 
assess its thermodynamic performance.  
Leites et al. [177] pointed out general rules for the design of thermodynamically 
efficient chemical processes, which could also be applied within the food industry. 
An important rule is that the use of high quality energy should be avoided in 
processes that demand low quality energy [178]. An industrial system could improve 
its exergetic sustainability by avoiding the generation of waste material or heat 
streams, by re-using those streams, and by making use of renewable energy sources. 
For example, a feasibility study showed that it is both sustainable and profitable to 
recover cryo-thermal exergy from a liquefied natural gas regasification process, for 
deep freezing of agro-food products in the surrounding industries, and for space 
conditioning in residential and commercial areas nearby [179].  
Many recent publications focus on the exergetic assessment of drying processes that 
use solar energy or heat pumps. The advantages of using solar, wind and geothermal 
power were discussed by Koroneos et al. [180] who showed that in some cases they 
can be more efficient than non-renewable energy sources. For example, Le Pierres et 
al. [181] demonstrated that deep freezing of foods is possible by utilizing solar, low-
grade energy. Hermann [182] quantified the global exergy resources and stressed 
that it is be possible to meet the global demands in the reduction of energy 
consumption by best utilizing all known exergetic reservoirs and flows available in 
our biosphere.  
From the information above, it can be inferred that food chains in the future should 
be designed in such a way that:  
1. waste generation is avoided, minimized or re-used, and that the complete 
raw materials are converted into valuable and useful products, 
2. exergy destruction during processing is minimized and,  
3. renewable energy sources are used instead of fossil sources.  
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Current challenges and future trends in designing sustainable 
food chains 
Several important issues have to be considered when using exergy analysis for more 
efficient and sustainable food production. First and foremost, the quality and safety 
of the final product(s) should be guaranteed in any change in a supply chain or 
processing step. This should be seen as a constraint on any modification that can be 
proposed. Second, exergy analysis has been developed in the energy conversion and 
chemical processing industry primarily, and thus will need further development and 
should gain acceptance in the food industry. We will now shortly discuss these 
aspects.   
 Dealing with product safety, product-process interactions, and nutritional 
aspects in ExA. Process optimization within the food industry is not 
straightforward. Even if more sustainable processing technologies can be 
identified by using ExA, those should comply with safety, legislation, and 
consumer quality criteria. Additionally, the structure of foods, both at 
macro- and micro-scale, is of great importance to the bioavailability of 
nutrients and sensorial quality of the product. For example, the digestibility 
and metabolism of dietary fatty acids is affected both by their structure and 
their state [183]. ExA does not reflect the physico-chemical transformations 
of different food ingredients that occur during processing (e.g. 
gelatinization of starch), and, therefore, it says nothing about their nutritive 
value [27].  
 
The application of the concept of exergy on human metabolism and food 
consumption has been mentioned by Szargut [25]. The conversion of food 
in the human body releases heat equal to its lower heating value, however, 
only a part of this initial chemical energy content is used to run all the 
complex biochemical processes and most of the heat produced is lost to 
environment [178]. By using calorimetric data, it was shown that ATP 
hydrolysis is the limiting factor for obtaining the maximum available 
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nutritive exergy, and approximately 60% of this exergy is chemically 
bound within the human body in the form of ATP [184]. Mady [185] 
analysed the energy conversion processes within the human body with 
exergy to develop health performance indicators, while a general procedure 
for calculating the value of human exergy consumption was given by 
Shukuya [186]. The above studies show that nutrition is an important factor 
to consider when designing a food product. They signify the need for 
extending ExA to include the impact of physico-chemical transformations 
of food components on their exergetic nutritive quality along the total food 
chain. 
 
 Dealing with industrial emissions and waste streams. The exergy value for 
useful streams is by definition always positive even if their main physical 
variable, e.g. temperature, is lower than the environment of reference [178]. 
However, the assignment of exergetic values to waste streams is a matter of 
debate currently. This issue deserves attention since ExA often deals with 
lost work from waste streams and often suggests their avoidance or their 
reuse even when that is not possible. All streams that are brought at 
equilibrium with the environment of reference have zero exergy. This 
means that the useful work potential of a process stream that is dispersed 
into the environment will become part of this environment and thus by 
definition have no exergy anymore. Streams that can cause harm to the 
environment (e.g. emissions or waste streams), have an exergetic content 
(e.g. thermal and/or chemical exergy), but cannot or should not be released 
in the environment as such. They should first be brought into a state that 
allows them to become at equilibrium with the environment without doing 
harm. This generally requires additional processing (e.g., waste water 
treatment, chemical degradation, or even incineration) and therefore 
requires exergy to be spent. Therefore, harmful emissions bear an exergetic 
penalty as large as the exergetic investment needed to render them harmless 
to the environment. 
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However, there is, still, no clear agreement on how to treat the exergetic 
content of such waste streams. Maes and Van Passel [19] argue that ExA 
cannot capture the immaterial aspects of emissions and waste streams (e.g. 
land degradation and biodiversity loss), which should be considered by 
additional metrics in a sustainability assessment.  
 
Gaudreau et al. [187] criticized exergy analysis, posing that ExA is not 
objective due to the vagueness of the methodology in addressing the impact 
of waste streams on an infinite reference environment that should actually 
remain unaltered. Other authors proposed that waste streams should be 
considered either as constrained or unconstrained, where the former are 
streams of value (dictated often by economic factors), and the latter are free 
to impact the environment but have the potential of becoming constrained 
(valuable) [24, 188]. Zhu and Feng [189] studied the allocation of the 
cumulative exergy among the separation of multiple products from a stream 
by introducing a new parameter based on their minimum separation work. 
A similar approach could be useful for allocating the negative impact of 
waste streams based on their minimum abatement cost. Nevertheless, 
whether the exergy content of a toxic or contaminated stream that is 
released to the environment should be zero, or it should be allocated based 
on a minimum abatement cost, or even attain a negative value, is a topic 
that still requires attention. 
 
 Need for a systematic framework and communication standards. The 
importance of the integration of exergy analysis in industrial practice, 
policy making, taxation, and education has been stressed by many authors 
[17, 27, 59, 190]. Companies and governmental organizations are more 
familiar with the use of footprints. The exergy footprint was proposed by 
Caudill et al. [191], which could assist in decision making. However, these 
types of concepts are still not standardized and integrated to reflect the 
environmental, economic and social aspects of sustainability [192].  
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Hernando and Hector [193] demonstrated the use of a framework that 
combines ExA with a quality control model based on HACCP (Hazard 
Analysis of Critical Control Points) guidelines, on the Andean blackberry 
cold chain. Such a systematic framework could enhance the 
implementation of ExA by non-expert stakeholders in the future food 
industries, as part of exergy preservation programs that could be used as 
mandatory and legislative requirements of governmental sustainability 
projects.  
 
 Dealing with variability in data. Oftentimes, systems with immense system 
boundaries are assessed by ExA, and, therefore, the analysis has to rely on 
data that are not readily available and can be found only in literature or by 
using expert knowledge. This implies that the analysis can convey some 
degree of uncertainty due to variability in literature data. Besides, the 
analysis outcome is strongly dependent on the model assumptions. 
Therefore, a consensus amongst the scientific community has to be reached 
for defining an appropriate methodology for reliable model validation, 
sensitivity and uncertainty analysis.  
 
 Method extension. ExA is continuously extended to include economic and 
environmental aspects. Maes and Van Passel [19] give an overview of such 
methodologies like the Cumulative Exergy Content developed by Szargut et 
al. [55], the Extended Exergy Accounting developed by Sciubba [194], the 
Ecological Cumulative Exergy Consumption developed by Hau and Bakshi 
[195], and the Cumulative Exergy Extraction from the Natural Environment 
developed by Dewulf et al. [196]. Tsatsaronis and Morosuk [45] discuss 
other exergy-based methods like Exergoeconomics, Exergoenvironmental 
Analysis, and the Advanced Exergy Analysis. The latter methodology has 
been applied on the drying of herbs and spices by a gas engine heat pump 
successfully [197]. The combination of the objective power of ExA with 
methods stemming from other fields like operations research, can lead to 
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the development of useful decision making tools for cases where 
conflicting objectives (e.g. profit and sustainability) occur. This 
combination has been demonstrated in the design of a falling film 
evaporator [198], and of a novel protein food chain [199]. Later on, a new 
graphical method, which identifies the optimum operating parameters of a 
distillation column and visualizes exergy losses in 3D, has been introduced 
by Khoa et al. [200]. Further, Vintila [201] developed an inverse analysis 
method that accurately measures mass, heat, and exergy transfer 
coefficients which are essential for describing transfer phenomena in 
transient multiphase systems.  
 
Artificial neural networks have also been used for predicting the exergetic 
performance of fish oil microencapsulation by spray drying [156]. Their 
optimal topology for predicting the energy and exergy in a fluidized bed 
dryer was determined by using response surface methodology integrated 
with a genetic algorithm [202] in both a static and a recurrent mode [203]. 
Response surface methodology was used in combination with exergy 
analysis for determining the optimal process conditions for the drying of 
olive leaves [204], of herbal leaves [205], and for identifying the main 
factors that affect the performance of thin layer drying of pomegranate arils 
[206]. A more detailed method that extends ExA by considering the 
coupling of driving forces to minimize entropy production (i.e. exergy 
destruction) through the use of non-equilibrium thermodynamics was 
proposed by Kjelstrup et al. [207]. A related field is that of finite time 
thermodynamics which aims at elucidating the optimal thermodynamic 
path or mode of operation of processes that produce the minimum amount 
of entropy (or destroy a minimum amount of exergy) [208]. The potential 
of those methodologies seems very exciting but their application within the 
food industry is yet to be explored. 
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Conclusions 
ExA is a methodology to assess the sustainability of food chains, based on objective 
thermodynamic laws. The results of ExA do not provide a direct solution, but they 
lead to a better understanding of the reasons for the occurrence of losses. Although 
ExA in the food industry is still in its infancy, it shows a growing trend with most of 
the applications targeting on drying processes due to the high energy requirements 
involved in those processes. Exergetic indicators can be used to provide insight for 
potential improvements along the complete food chain. The most commonly used 
ones in the food industry are the exergetic efficiency, the absolute exergy loss, the 
improvement potential, the entropy generation, the exergy destruction ratio, the 
exergetic factor, and the cumulative exergy losses. A food chain is 
thermodynamically sustainable when the selected exergetic indicators attain their 
optimal values. Each process along the food chain should be designed to utilize all 
the available quality of its input(s), and to degrade it in the best possible manner, i.e. 
destroying the least amount of exergy while generating the minimum amount of 
entropy, by avoiding the production of waste streams, or reusing them in case where 
avoidance is not possible. However, when waste streams are to be reused, the proper 
allocation of their exergetic content should be considered carefully as this is still a 
matter of debate amongst the scientific community. Moreover, care should be taken 
when defining system boundaries because these can affect the outcome of the 
analysis considerably. Replacing fossil fuel energy sources with renewable energy 
sources will also contribute in improving the exergetic sustainability of a food chain.   
This review identifies several points of attention for ExA to gain acceptance in the 
food industry. Firstly, it is clear that any modification in the design of a food chain 
should comply with quality and safety standards, and any impact of physico-
chemical transformations occurring during processing of food components on their 
nutritive quality should be quantifiable. Secondly, there is a need for the scientific 
community to reach a consensus for the appropriate use of model validation, 
sensitivity, and uncertainty analysis techniques whenever dealing with variability in 
literature data or experimental uncertainty in ExA, and, therefore, enhancing the 
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robustness of the assessment. Thirdly, the communication of the results of an ExA to 
non-expert stakeholders can be difficult and it can be as important as the analysis 
itself. Considering the above points, it is clear that the acceptance of ExA by the 
industrial food sector as a credible sustainability assessment method will be 
enhanced through developing a unified framework that provides guidelines for the 
design of food products of maximum nutritive value by using processes that destroy 
a minimum amount of exergy along the complete food chain. 
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Nomenclature 
𝑎 Water activity 
𝐵 Exergy 
𝑏𝑜 Specific chemical exergy 
𝐷𝑝 Exergy destruction ration 
𝑓 Exergetic factor 
𝑚 Mass 
𝑁 Number of moles 
𝑁𝑠 Entropy generation number 
𝑃 Pressure 
𝑄 Thermal energy 
𝑅 Universal gas constant 
𝑆 Entropy 
𝑇 Temperature 
𝑉 Volume 
𝑥 Mole fraction 
𝐼𝑃 Improvement potential 
𝑅𝐼 Relative irreversibility 
𝑆𝐼 Sustainability index 
𝐶𝐸𝐶 Cumulative exergy consumption 
𝐶𝐸𝐿 Cumulative exergy losses 
𝑆𝐸𝐷 Specific exergy destruction 
Greek letters  
𝛼 Exergetic renewability 
𝛽 Beta value (used in eco-exergy analysis) 
𝜆 Renewability performance indicator 
𝜂 Efficiency 
𝜉 Productivity lack 
Subscripts  
o Environment of reference 
i Stream 
j Component 
th Thermal 
pr Pressure 
e Electrical  
eco Eco-exergy 
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Abstract 
This study compares the thermodynamic performance of three industrial bread 
production chains: one that generates food waste, one that avoids food waste 
generation, and one that reworks food waste to produce new bread. The chemical 
exergy flows were found to be much larger than the physical exergy consumed in all 
the industrial bread chains studied. The par-baked brown bun production chain had 
the best thermodynamic performance because of the highest rational exergetic 
efficiency (71.2%), the lowest specific exergy losses (5.4 MJ/kg brown bun), and the 
almost lowest cumulative exergy losses (4768 MJ/1000 kg of dough processed). 
However, recycling of bread waste is also exergetically efficient when the total 
fermented surplus is utilizable. Clearly, preventing material losses (i.e. utilizing raw 
materials maximally) improves the exergetic efficiency of industrial bread chains. In 
addition, most of the physical (non-material related) exergy losses occurred at the 
baking, cooling and freezing steps. Consequently, any additional improvement in 
industrial bread production should focus on the design of thermodynamically 
efficient baking and cooling processes, and on the use of technologies throughout 
the chain that consume the lowest possible physical exergy. 
Keywords: Sustainability; Food industry; Bread production; Food waste; 
Recycling; Exergy;  
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Introduction 
The food industry is challenged with increasing pressure to render their processes 
more efficient, implying minimizing energy use and waste production [1, 2]. Exergy 
analysis is an objective sustainability assessment method that has been developed 
and has been applied successfully in different fields, from the energy and chemical 
sectors to environmental engineering and the construction industries in the past 
decades [3-11], and more recently in the feed and food industry [12, 13]. According 
to Szargut [14], exergy can be defined as “the amount of work obtainable when 
some matter is brought to a state of thermodynamic equilibrium with the common 
components of its surrounding nature by means of reversible processes, involving 
interaction only with the above mentioned components of nature”. The main 
advantages of exergy analysis is that it identifies thermodynamically inefficient 
processes in a system, and it leads to a better understanding of the physical and 
chemical reasons for those inefficiencies [15, 16]. The analysis itself does not 
identify solutions but it can be used to compare the exergetic sustainability of 
alternative scenarios. Exergy analysis allows the expression of chemical exergy (i.e. 
exergy stored in materials) and physical exergy in one single unit.  
Generally, the chemical exergy of material streams can be much larger than the 
physical exergy, a remark that was also made by Bösch et al.. [17] who studied the 
exergetic comparison of ethanol and biogas poly-generation processes. 
Consequently, it is expected that losing parts of material streams (e.g. raw material 
inputs and food products) as waste will severely affect the exergetic sustainability of 
a food chain. More recently, Vandermeersch et al. [18] compared different bread 
waste valorization options and proposed that animal feed technology is a better 
option than anaerobic digestion in terms of exergetic performance, but only for food 
waste with more than 60% dry matter because it reduces the raw material 
requirements of the traditional production of animal feed, which includes drying. 
They also concurred with the waste hierarchy framework that food waste should 
always be avoided. 
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In this article, we compare the thermodynamic performance of a process system that 
generates food waste with a technology that avoids food waste generation and a 
technology that reworks food waste to produce new food products. The hypothesis is 
that avoiding food waste is in principle better than recycling food waste, also from a 
thermodynamic perspective. Industrial bread production in the Netherlands has been 
chosen as a case study for two reasons. First, because bread is produced in large 
quantities in the Netherlands with an average annual per capita consumption of 
about 60 kg [19], and second, because bread losses occur at different parts of the 
chain and account for 30% of total bread production [20]. Two different bread types 
were considered to capture variations in recipes, types and quantities of raw 
materials, as well as the operation conditions used in processing.  
The thermodynamic performances of all six industrial bread chains are assessed 
using exergetic indicators found in the literature such as the cumulative exergy 
losses (CEL), the specific exergy losses (SEL), and the rational exergetic efficiency 
(n) [21],[22]. 
Materials and methods 
General description of the industrial bread production chains 
Three different technologies were defined for the assessment (Figure 1). The 
conventional method of fresh white tin bread production with losses at certain parts 
of the chain was compared with a chain that was assumed to be free of losses due to 
its technology (par-baked bread), and a chain in which wasted bread was reworked 
to produce a product of similar quality (fermented breadcrumb bread). Such 
recycling could be technologically feasible on a large scale by fermenting wasted 
bread with a particular type of starter, to deliver a product with better quality than 
normal white bread in terms of softness and taste [23].  
The two different bread recipes (white tin bread and brown buns), and the chemical 
composition of the raw materials are given in Table A.1 and Table A.2 in the 
Appendix. These recipes were selected to cover the variations in processing 
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technology in industrial bread production. The calculations were based on 
processing 1000 kg of dough for all six bread chains. The white breads and brown 
buns produced were assumed to have a mass of 0.8 kg and 0.06 kg, respectively. In 
order to make a fair exergetic comparison between the industrial chains, the 
moisture content for all white breads and brown buns was assumed to be 37.6% and 
34.6%, respectively, for all three technologies (Table A.3 in the Appendix). For the 
calculation of the moisture content of the final products, the fresh bread production 
chain was used as a base case where it was assumed that 10% of the initial water 
added during dough production evaporates during baking. All breads were assumed 
to have the same specific density of 0.005 m
3
/kg. The main process simulation 
parameters are shown in Table A.4 in the Appendix.  
Energy use at the industrial bakery oven for all three technologies was assumed to 
be provided by natural gas and it was calculated based on the energy required to 
evaporate water and to produce the steam used for crust formation. The total energy 
consumption in the industrial bakery was assumed to be twice the energy required 
for baking (personal communication). The other 50% of the energy used was 
assumed to be electricity, which was distributed according to the requirements 
calculated for each process (personal communication). The energy use for the 
conveyor was assumed to be the same for the fresh and the par-baked bread 
bakeries, whereas it was a bit higher for the fermented breadcrumb bakery due to the 
extra processing steps involved in the chain.  
The distance to transport the raw materials to the bakery (100 km) and transport the 
product to the retailer (80 km) were assumed to be identical for all three 
technologies. Additional assumptions related to transportation are shown in Table 
A.5 in the Appendix. 
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Figure 1. Flowchart for the production of fresh bread (top), par-baked bread 
(middle) and fermented breadcrumb bread (bottom). 
Dough processing 
The first processing steps of mixing, fermenting, dividing and proving are common 
to all six industrial chains. First, the raw materials are mixed either by normal 
mixing for 15 min (15 kJ/kg dough) or by the Chorleywood Bread Process which 
involves intense mixing for 3 min (40 kJ/kg dough) [24]. All raw materials are at 
ambient temperature except the water; the temperature of the water is 
 water dough mix flour2T T T T    
where mix 8T   (K) is the increase in dough temperature per mixing period and 
doughT  (K) is the final dough temperature [25]. The dough is fermented for 1 h at 28 
°C in fermentors with a capacity of 200 breads and each of which consumes 6.2 kW 
[26]. During fermentation, 2% of the simple sugars are converted into ethanol and 
carbon dioxide. The electricity consumption for cutting the dough into individual 
units is 0.6 kW per 1000 units (one unit is 0.8 kg and 0.06 kg for white bread and for 
brown buns, respectively) [27]. Subsequently, the fermentation continues under the 
same conditions for one more hour and additional electricity is consumed. 
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Base case: fresh bread production 
The baking is done in a continuous oven at 235 °C for 35 min. It is assumed that all 
carbon dioxide and ethanol resulting from yeast activity are removed from the bread 
during baking. The energy to bake the product is the energy required to evaporate 
10% of the water. It is assumed that 10% of the dough becomes crust and that the 
crumb and crust temperatures reach a maximum of 100 °C (evaporative cooling) and 
180 °C, respectively. The energy distribution in the oven is as follows: 25% of the 
energy is used to bake the product, 15% of the energy is due to steam usage for crust 
formation and 60% is heat loss [28]. The oven is heated by natural gas with a lower 
heating value of 54 MJ/kg natural gas. Steam at 123.3 °C and 220 kPa is produced in 
a natural gas-fired boiler with 70% energy efficiency [29]. Subsequently, the baked 
breads are cooled for 30 min and the electricity consumed is calculated by 
estimating the amount of heat that has to be removed for the bread to reach 20 °C. 
Cooling is done using three fans (400 W each) per 40 kg of bread to be cooled [28]. 
During cooling, 0.028 kg of water per kg of bread is removed [30]. The cooled 
breads are packed in polyethylene bags. It is assumed that the capacity for packaging 
white bread is 30 units/min (single unit packaging), whereas it is 180 units/min for 
brown buns (6 buns per package) by a machine with electricity consumption of 2.8 
kW [31]. Finally, the breads are transported to the retailer in returnable polyethylene 
crates (Broban crates) each 0.07 m
3
 and with a capacity of 8 white breads per crate 
or 107 brown buns per crate. Finally, they are sold to the customer and 11.2% of the 
bread is assumed to be wasted [20]. 
Par-baked bread production 
The baking is done at 160 °C for 30 min in a continuous oven fired by natural gas. It 
is assumed that all CO2 and ethanol are removed during this baking step. The energy 
to bake the product is the energy required to evaporate 8% of the water for the white 
breads and 5.5% for the brown buns. It is assumed that 5% of the dough becomes 
crust and that the crumb and crust temperatures reach a maximum of 100 °C 
(evaporating cooling) and 120 °C, respectively. The conditions for heat distribution, 
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energy supply and steam production are assumed to be the same as for fresh bread 
production. Subsequently, the par-baked breads are frozen at −40 °C for 2 h. The 
energy required is calculated in a similar manner as for cooling, assuming that the 
bread mass reaches −15 °C where 70% of the water freezes and 3% of the water is 
removed [32]. The frozen breads are then put into returnable polyethylene crates 
(CBL crates), each 0.06 m
3
 with a capacity of 8 breads per crate for transportation. 
The energy consumption for this process is assumed to be 1.5 kW with a capacity of 
15 crates/min [33], which translates into 0.9 kJ/kg bread. The transportation of the 
frozen product is done in trucks with a refrigeration unit requiring an additional 3 L 
of diesel per hour.  
Finally, the breads are transported and baked at the retailers at 220 °C for 10 min, 
where 2% of water is removed and no additional steam is added. The breads are 
packed in polyethylene bags when sold to the consumer. With this technology, it is 
assumed that the retailer bakes on demand, therefore no bread is wasted. 
Fermented breadcrumb bread production 
The production of fermented breadcrumb comprises three steps: mixing, fermenting, 
and chilling [23]. In the mixing step, 100% old bread (a mixture of retailer waste 
and industrial waste) is mixed for 3 min with 110% water and 3.8% starter, 
assuming identical conditions as in normal dough processing (for both the 
conventional and the Chorleywood Bread Process mixing). The fermentation of the 
sugars is assumed to be proportional to the holding time (12 h at 30 °C). Electricity 
use during fermentation is assumed to be identical to conventional fermentation and 
proportional to the holding time. The fermented dough is cooled down to 4 °C for 
another 12 h and the electricity use is calculated in the same manner as for normal 
cooling. Only up to 11% of the fermented breadcrumb produced can be introduced 
into the dough in the fresh bread production chain due to recipe constraints. The 
fermented breadcrumb surplus is assumed to be discarded. In addition, the new 
dough recipe is corrected for water addition due to the high moisture content of the 
fermented breadcrumb (about 70%). However, the water content in the new dough is 
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still high, and to achieve products with the same moisture content as the fresh and 
the par-baked breads, longer baking is required. Thus, the moisture removed during 
baking of white and brown bun fermented breadcrumb breads is 12.9% and 13.7%, 
respectively. Packaging and transportation are assumed to be done in the same 
manner as for fresh bread production. An extra transportation step is included to 
transport the waste produced at the retailer back to the bakery. 
Process modelling 
The input and output streams for each process are shown in Table A.6 in the 
Appendix. The mass, energy and exergy content were calculated for each stream. 
These data were then used to construct Sankey (mass and energy) diagrams and 
Grassmann (exergy) diagrams with E!Sankey 3.0 software. The mass balance reads 
,in ,out 0i im m    
ij i jm m x  
where mi is the total mass flow of stream i (kg) and xj and mjj are the mass fraction 
and the total mass content of component j in stream i, respectively. It was assumed 
for the energy balance that the only relevant forms of energy are the thermal and 
electrical energy flows. 
,in ,out lossesi i iQ E Q Q      
 p, oi i i iQ m c T T   
 p, p,i j jc c x  
where Qi , Ti and cp,i are the thermal energy of stream i in relation to the 
environmental temperature To (J), the temperature (K), and the heat capacity 
(MJ/kg/K) (assumed to be temperature independent) of stream i, cp,j (MJ/kg/K) is the 
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heat capacity of component j in stream i, Ei is the electrical content of stream i (MJ), 
and Qlosses (MJ) are the thermal losses to the environment. The heat of evaporation of 
water was considered in processes where there was a phase change. The heat 
capacities of the components studied are given in Table A.7 in the Appendix. The 
environment of reference was set at To = 293 K, pressure Po = 101 kPa and moisture 
content of wo = 0.008 kg water per kg air, which corresponds to a relative humidity 
of 56%. The most relevant forms of exergy that are usually considered  in exergy 
analyses of food processes and chains are the thermal and/or pressure exergies of 
streams, while other physical forms of exergy, such as gravitational or momentum 
exergies are often neglected [34-37]. In this article we also stress the need for 
considering the chemical exergy, which is directly related to material streams and it 
can be considerably larger than the physical exergy, and the mixing exergy which is 
relevant whenever two or more material streams are mixed together. Therefore, the 
exergetic content iB  of a stream i was calculated as follows: 
,physical ,chemical , mixi i i iB B B B    
The physical exergy forms considered for this study were the thermal (Bi,thermal), the 
electrical (Bi,electrical), the pressure (Bi,pressure), the chemical (Bi,chemical), and the mixing 
(Bi,mix) exergy (MJ). 
,physical ,thermal ,pressure ,electricali i i iB B B B    
 
o
,thermal p, o o
o
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i
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 
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where R is the universal gas constant (MJ/mol/K), iP  is the pressure of the gaseous 
stream i (kPa), and oP  is the environmental pressure (kPa). The heat capacities 𝑐𝑝,𝑖 
were assumed to be independent of the temperature.  
 ,chemical o,i i j jB m b x   
where bo,j is the specific chemical exergy (MJ/kg) for component j in stream i, which 
is defined as the minimum amount of exergy required to create this component from 
the particular environment of reference. The specific exergies of the components 
studied are given in Table A.3 in the Appendix. The electrical exergy input is equal 
to the electrical energy input. When two or more streams are mixed together, exergy 
is lost spontaneously: 
  mix o lni j jB N RT x a   
where Ni is the total number of moles of stream i calculated from average values of 
the molecular weight of the components found in the literature (Table A.7 in the 
Appendix),  and aj is the activity of component j, which is proportional to the mole 
fraction of this component in the total mixture (the activity coefficient is assumed to 
be 1). The exergy destruction of a process Bdestroyed (MJ) is the exergy that is 
irreversibly lost during the process and it is calculated as follows: 
destroyed ,in ,out ,wastedi i iB B B B      
where ,iniB  , ,outiB , and ,wastediB  (MJ) are the total useful exergetic 
content of all input streams, the total useful exergy content of all output streams, and 
the total exergetic content of all streams that are wasted to the environment and that 
could theoretically be re-used, respectively. The exergetic indicators considered in 
this study were the cumulative exergy losses (CEL) (MJ/1000 kg of dough 
processed), which are the sum of the total exergy wasted and the irreversibilities 
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produced along the total food chain for processing a certain amount of raw 
materials, the specific exergy losses (SEL) (MJ/kg), which indicate the exergy lost 
to produce 1 kg of final product reaching the consumer, and the overall rational 
exergetic efficiency (n) (%), which shows how well the total exergy flows are 
preserved along the complete food chain. 
destroyed ,wastedCEL iB B    
bread sold
CEL
SEL
m
  
,out
,in
100
i
i
B
n
B
 


 
Results and discussion 
The results of the exergy analysis are shown in Figure 2 and the Grassmann 
diagrams that visualize the physical and chemical exergy flows are shown in Figures 
3-6. It is clear that the chemical exergy of the material streams greatly surpasses any 
physical (electricity) input. The plastic crates (Broban and CBL) used to transport 
the breads to the retailer have a considerable amount of chemical exergy, but this 
exergy is not considered in the calculations because the crates are completely 
reusable, and therefore do not affect the thermodynamic performance of any bread 
chain as such. When the chemical exergy is removed from the Grassmann diagrams, 
the locations where physical exergy is destroyed can be identified; they are mainly 
in the baking, cooling and freezing processes. 
The inputs with the highest chemical exergy content for processing 1000 kg of 
dough for all six cases are wheat flour (ranging from 3991 MJ to 9745 MJ) and 
whole meal (ranging from 4022 MJ to 4376 MJ), followed by natural gas (ranging 
from 1881 MJ to 2462 MJ), and diesel (ranging from 553 MJ to 562 MJ). 
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The chemical exergy of all end products varies depending on the recipe and 
technology used, which in turn determines the material yield obtained. The specific 
chemical exergy for all breads produced is shown in Table 1. The brown buns have 
higher specific chemical exergy (12.7 MJ/kg bread) than the white breads (11.5 
MJ/kg bread) for all three technologies due to their higher dry matter content and 
due to the higher protein content, which has a relatively high specific chemical 
exergy (22.61 MJ/kg protein). 
The industrial bread chain with the highest chemical exergy output is the par-baking 
technology for brown buns (11778 MJ) because it has the highest material yield 
(884 kg), and a high specific chemical exergy (12.7 MJ/kg bread). The material 
yield is the highest for this industrial chain as a result of the assumption that no 
bread losses occur (baking on demand), and because the initial water content of the 
brown bun recipe is lower than for the white bread. The lowest yield is obtained by 
the fermented breadcrumb bread technology for brown buns because more water is 
introduced in the industrial production to rework the wasted bread. Therefore, the 
water content in the main fermented breadcrumb bread production chain increases, 
meaning that more water has to be evaporated to reach the desired water content of 
34.6% in the brown buns. It is clear that developing this technology further towards 
fermentation at higher solids content will mitigate this. The industrial chain with the 
lowest exergy output, however, is the fermented breadcrumb bread technology for 
white bread, rather than brown buns, because of the lower amount of packaging 
chemical exergy delivered to the consumer. The chemical exergy of packaging in 
this case is low because a smaller number of 800-g white bread units is produced 
(1041), which requires a smaller amount of packaging material compared with the 
higher number of 60-g brown bun units (13,760). 
The exergetic indicators calculated are shown in Table 2. The highest CEL occurs in 
the fresh brown bun production chain (5287 MJ/1000 kg dough processed), mainly 
due to the wastage of bread (chemical exergy), followed by the fermented 
breadcrumb brown bun production chain (5275 MJ/1000 kg dough processed) where 
some additional processing is required and where the fermented breadcrumb surplus 
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is considered as waste. The CEL for the par-baked white bread production chain 
(4860 MJ/1000 kg dough processed) is almost as high as for the fresh white bread 
production chain (4917 MJ/1000 kg dough processed) because additional processes 
are required (freezing, refrigerated transport, baking at the retailer). This means that 
the chemical exergy of the wasted bread that was saved by the par-baking process 
chain requires a technology that consumes an amount of physical exergy similar to 
the saving in chemical exergy. However, the par-baking technology shows the 
lowest SEL for both types of bread produced (5.6 MJ/kg white bread and 5.4 MJ/kg 
brown bun) because the amount of bread delivered to the consumer is much higher 
compared with the other technologies. The SEL for the fermented breadcrumb 
technology (6.3 MJ/kg white bread and 7.2 MJ/kg brown bun) is almost as high as 
the SEL for the fresh bread technology (6.5 MJ/kg white bread and 6.9 MJ/kg brown 
bun) because their CEL values are similar, and because the amount of bread 
delivered to the consumer is also quite low. 
The industrial bread chain with the highest exergetic efficiency is the par-baked 
brown bun production chain (71.2%) because it has the highest exergetic output 
compared with the total exergy input utilized. The fresh white bread production 
chain has the lowest rational exergetic efficiency (64.5%) due to the wasted bread 
(chemical exergy). The exergetic efficiencies of the other industrial bread chains 
were around the same low level due to material losses (e.g. wasted fermented 
breadcrumb surplus). However, when the surplus of the fermented breadcrumb 
process is considered as a useful product (additional 682 MJ and 718 MJ of 
chemical exergy in the total exergy output for the fermented breadcrumb chains for 
white and the brown bun, respectively) then the figures for all three indicators will 
improve. For the industrial production of white fermented breadcrumb bread the 
CEL, SEL and exergetic efficiency become 3998 MJ/1000 kg dough processed, 5.4 
MJ/kg bread, and 70.0%, respectively. For the industrial production of brown bun 
fermented breadcrumb bread the CEL, SEL and exergetic efficiency become 4557 
MJ/1000 kg dough processed, 6.2 MJ/kg bread, and 69.7%. Therefore, the full use 
of all fermented breadcrumb in products that have high value would in fact lead to a 
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supply chain as efficient as the par-baked chain. Similar conclusions where obtained 
also by Berghout et al. [38] who compared the exergetic performance of the 
conventional aqueous fractionation of oilseeds with dry fractionation, and they 
found that the use of all material side streams improved the exergetic efficiency of 
all fractionation methods. The importance of preserving the chemical exergy of all 
material streams within the production chain has also been addressed by Jankowiak 
et al. [39]. In their study they compared exergetically the extraction of isoflavones 
from okara by using ethanol or water, and they proposed that the loss of solvents 
with high specific chemical exergy should be avoided. These results clearly show 
that the first priority in designing a sustainable industrial food chain should always 
be to prevent the loss of any part of the raw material or food as a low-value waste 
stream [40]. It makes sense to optimize the use of physical exergy only after the 
waste production has been minimized. However, savings in physical exergy are still 
interesting because they can be considerable. 
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Figure 2. Exergy analysis results: (top) input physical and chemical exergy of raw 
materials, (middle), output chemical exergy of products, (bottom) transiting exergy. 
FB: Fresh bread chain, PB: Par-baked bread chain; FBB: Fermented breadcrumb 
bread chain. The water used in the recipe, in the boiler for steam production, and the 
water used in the fermented breadcrumb when applicable are considered. All 
electricity consumed in the industrial bakery, including the conveyors, is considered. 
Transportation of raw materials to the bakery and transportation of final product to 
the retailer are considered. The use of natural gas for baking and steam production is 
considered.  
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Table 1. Yield and specific chemical exergy (MJ/kg bread) of the different types of 
breads produced. 
 Fresh bread 
production 
Par-baked bread 
production 
Fermented 
breadcrumb bread 
production 
 White 
bread 
Brown 
bun 
White 
bread 
Brown 
bun 
White 
bread 
Brown 
bun 
Yield (kg) 760 763 861 884 740 731 
Number of units produced 1069 14317 1098 15037 1041 13720 
Specific chemical exergy 
(MJ/kg bread) 
11.5 12.7 11.5 12.7 11.5 12.7 
 
Table 2. Exergetic indicators calculated for all three technologies and both types of 
breads with conventional mixing (the results for the Chorleywood Bread Process 
method are similar). 
 Fresh bread 
production 
Par-baked bread 
production 
Fermented 
breadcrumb bread 
production 
 White 
bread 
Brown 
bun 
White 
bread 
Brown 
bun 
White 
bread 
Brown 
bun 
 CEL (MJ) 4917 5287 4860 4768 4680 5275 
 SEL (MJ/kg bread sold) 6.5 6.9 5.6 5.4 6.3 7.2 
 n (%) 64.5 65.9 67.5 71.2 65.0 64.9 
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Figure 3. Grassmann diagrams: (top) fresh white bread production, (bottom) fresh brown bun production. The green colour indicates 
material (chemical) exergy flows, the purple colour indicates fuel (chemical) exergy flows, and the orange colour indicates electrical 
(physical) exergy flows, where Th indicates the thermal exergy content, P indicates pressure exergy content, E indicates electrical 
exergy content, and Ch indicates chemical exergy content. 
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Figure 4. Grassmann diagrams: (top) par-baked white bread production, (bottom) par-baked brown bun production. The green colour 
indicates material (chemical) exergy flows, the purple colour indicates fuel (chemical) exergy flows, and the orange colour indicates 
electrical (physical) exergy flows, where Th indicates thermal exergy content, P indicates pressure exergy content, E indicates 
electrical exergy content, and Ch indicates chemical exergy content. 
 91 
 
 
Figure 5. Grassmann diagram of white fermented breadcrumb bread production. The green colour indicates material (chemical) 
exergy flows, the purple colour indicates fuel (chemical) exergy flows, and the orange colour indicates electrical (physical) exergy 
flows, where Th indicates thermal exergy content, P indicates pressure exergy content, E indicates electrical exergy content, and Ch 
indicates chemical exergy content. 
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Figure 6. Grassmann diagram of brown bun fermented breadcrumb bread production. The green colour indicates material (chemical) 
exergy flows, the purple colour indicates fuel (chemical) exergy flows, and the orange colour indicates electrical (physical) exergy 
flows, where Th indicates thermal exergy content, P indicates pressure exergy content, E indicates electrical exergy content, and Ch 
indicates chemical exergy content. 
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Conclusion 
The exergetic performances of different bread waste valorization options were 
compared using three exergetic indicators: the cumulative exergy losses (CEL), the 
specific exergy loss (SEL), and the rational exergetic efficiency (n). 
The analysis indicated the importance of using all of the materials for high-quality 
products as a requirement in obtaining high exergetic efficiencies, which can be 
explained by the fact that chemical exergies are much larger than physical exergies. 
The industrial bread chain with the best thermodynamic performance was the par-
baked brown bun production chain because it had the most optimal values for most 
of the exergetic indicators: i.e. the highest n (71.2%), the lowest SEL (5.4 MJ/ kg 
brown bun), and a very low CEL (4768 MJ).  
Recycling of wasted bread through a fermented breadcrumb technology, in which 
part of the wasted bread can be re-used in the dough, did not result in a better overall 
exergetic efficiency, due to the partial utilization of the upgraded waste by recipe 
constraints. Further studies are proposed to adjust the process and recipe such that 
the surplus produced can be completely used as a valuable raw material, and to 
predict the production of bread waste, such that only just the exact amount required 
is produced. In that case, recycling of bread waste would become a highly efficient 
option for improving the exergetic sustainability of industrial bread production. 
For all six industrial chains most of the physical (non-material related) exergy losses 
occur at the baking, cooling and freezing steps. Consequently, improvements in the 
bread chain should also focus on two aspects: the design of thermodynamically 
efficient baking and cooling processes. These are challenging tasks because bread 
production has been optimized continuously over time and, therefore, the outcome 
of this study signals the need for conceptually new and thermodynamically more 
efficient process designs. 
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Nomenclature 
𝑚 mass [kg] 
𝑥 mass fraction of component [-] 
𝑁 total number of moles [mol] 
𝑎 activity of component [-] 
𝑐𝑝 heat capacity [MJ/kg/K] 
𝑇 temperature of stream [K] 
𝑇𝑜 environmental reference temperature [K] 
𝑅  universal gas constant [MJ/mol/K] 
𝑄 thermal energy [MJ] 
𝐸 electricity [MJ] 
𝐵  exergy [MJ] 
𝑏𝑜 specific chemical exergy [MJ/kg] 
𝐶𝐸𝐿 cumulative exergy losses [MJ] 
𝑆𝐸𝐿 specific exergy losses for the total system [MJ/kg final product] 
𝑛 overall rational exergetic efficiency [%] 
Subscripts 
𝑖 stream 
𝑗 component 
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Appendix 
Table A.1. Dough recipes and composition. 
Raw material  Fresh and par-baked bread 
dough (%)a 
Fermented breadcrumb (%)a Dough from fermented 
breadcrumb (%)b 
White bread Brown bun White bread Brown bun White bread Brown bun 
Recipe      
Wheat flour 61.7 27.5 – 56.1 25.3 
Whole meal – 27.5 – – 25.3 
Yeast 0.6 3.3 – 0.5 2.5 
Salt 0.9 1.0 – 0.8 0.9 
Bread improver 0.6 8.3 – 0.6 7.6 
Water 36.1 32.5 52.6 30.8 28.3 
Fermented 
breadcrumb 
– – – 11.2 10.1 
Starter – – 1.7 – – 
Wasted bread – – 45.7 – – 
Composition       
Dry matter 54.6 58.7 29.7 27.9 52.8 56.3 
Protein 8.3 14.4 4.5 6.6 8.0 13.6 
Carbohydrates 44.3 40.9 24.1 19.7 42.9 39.4 
 Simple 1.1 1.0 0.6 0.4 1.1 0.9 
 Complex 43.0 39.7 23.2 19.0 41.6 38.2 
 Fibres 0.3 0.2 0.3 0.3 0.3 0.2 
Fat 0.8 2.2 0.4 1.0 0.8 2.2 
Salt 0.9 1.0 0.5 0.5 0.9 0.9 
Ash 0.3 0.2 0.1 0.1 0.2 0.2 
Carbon dioxide – – – – 0.01 0.01 
Ethanol – – – – 0.01 0.01 
aRecipe for white bread adapted from Weegels [23] and from Sonneveld [41]. 
bRecipe adapted from personal communication with the industry (EBIC, Papendrecht, The Netherlands). 
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Table A.2. Chemical composition of the raw materials. 
Ingredient Dry matter Protein 
Carbohydrates 
Fat Salt Ash 
Simple Complex Fibres 
Wheat floura 85.0 12.1 1.8 69.2 0.4 1.1 – 0.4 
Whole meala 85.0 10.0 1.8 70.4 0.4 2.0 – 0.4 
Yeastb – 60.0 – 40.0 – – – – 
Bread improverc 93.0 60.4 8.4 8.4 0.9 0.9 – – 
Starterd 91.0 13.0 0.0 63.0 12.0 2.0 1.0 – 
aComposition adapted from Pyler [42] assuming that most of the carbohydrates are starch (complex carbohydrates). 
bComposition adapted from Reed and Nagodawithana [43]. 
cComposition adapted from Sonneveld [44] assuming that the flour improver is 50% protein and 50% complex 
carbohydrates, the enzymes are all protein, the emulsifiers are all fat and the malted barley flour has the same 
composition as wheat flour. 
dComposition adapted from Sonneveld [45]. 
 
Table A.3. Final bread composition (%) for all three technologies. 
Composition White bread Brown bun 
Dry matter 62.4 65.4 
Protein 9.5 16.0 
Carbohydrates 50.7 45.5 
 Simple 1.3 1.1 
 Complex 49.1 44.2 
 Fibres 0.3 0.2 
Fat 0.9 2.5 
Salt 1.1 1.1 
Ash 0.3 0.2 
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Table A.4. Simulation parameters. 
Unit operation Time (min) T (°C) 
Electricity 
(MJ/kg) 
Material losses  
(%) 
Dough processing     
Mixing     
 Conventional 10 20 0.015a 
0.5 
 Chorleywood Bread Process 3  0.040a 
Fermenting 60 28 0.111a 0.5 
Dividing – – 0.002a – 
Proving 60 28 0.111a – 
Fresh bread production     
Baking     
 White bread 
35 235 
1.931b 
0.5 
 Brown bun 1.893b 
Cooling     
 White bread 
30 20 
0.243b 
– 
 Brown bun 0.234b 
Packaging     
 White bread 36 - 0.008b 
– 
 Brown bun 80  0.018b 
Retailer – – – 11.2 
Par-baked bread production     
Par-baking     
 White bread 
30 160 
1.486b 
0.5 
 Brown bun 1.207b 
Freezing     
 White bread 
120 −40 
0.885b 
– 
 Brown bun 0.977b 
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Packaging     
 White bread 
– – 
0.001b 
– 
 Brown bun 0.001b 
Baking at the retailer     
 White bread 
10 220 
0.889b 
– 
 Brown bun 0.892b 
Retailer – – – – 
Fermented breadcrumb production     
Mixing of breadcrumb     
 White bread 
10 25 
0.013b 
– 
 Brown bun 0.013b 
Fermenting of breadcrumb     
 White bread 
720 30 
0.060b 
– 
 Brown bun 0.062b 
Chilling of breadcrumb     
 White bread 
720 4 
0.047b 
– 
 Brown bun 0.049b 
Baking     
 White bread 45 
235 
2.231b 
0.5 
 Brown bun 48 2.327b 
Cooling     
 White bread 
30 20 
0.241b 
– 
 Brown bun 0.234b 
Packaging     
 White bread 36 
- 
0.008b 
– 
 Brown bun 80 0.018b 
Retailer – – – 11.2 
aElectricity consumed in MJ per kg of dough processed. 
bElectricity consumed in MJ per kg of bread type sold to the consumer. 
cThese bread losses are transported back to the industrial bakery to be reworked into fermented breadcrumb. 
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Table A.5. Assumptions related to transportation. 
Capacity (tons) 4 
Volume (m3) 18 
Fuel type Diesel 
Lower heating valuea (MJ/kg) 42.6 
Exergy quality factora (-) 1.07 
Fuel efficiencyb (L/km) 0.33 
Fuel use by refrigeration unitc (L/h) 3 
Average constant speed (km/h) 60 
aValue obtained from Koroneos and Nanaki [46]. 
bAverage value obtained from McKinnon [47]. 
cValue obtained from Tassou et al. [48]. 
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Table A.6. Stream description for the mass flow analysis. 
Process Stream in Stream out 
Mixing Wheat flour 
Dough 
Whole meal 
Water 
Yeast 
Bread improver 
Salt 
Fermenting Dough Fermented dough 
Dividing Fermented dough Fermented dough 
Proving Fermented dough Fermented dough 
Baking Fermented dough Baked bread 
Par-baking Fermented dough Par-baked bread 
Cooling Baked bread Cooled bread 
Freezing Par-baked bread Frozen bread 
Packaging (single) Cooled bread 
Packaged bread 
Packaging (LDPE) 
Packaging (multi) Frozen bread 
Packaged bread 
Packaging (cardboard) 
Baking at the retailer Packaged bread Fully baked bread 
Mixing (fermented breadcrumb) Water 
Breadcrumb Starter 
Wasted bread 
Fermenting (fermented breadcrumb) Dough Fermented breadcrumb 
Chilling (fermented breadcrumb) Fermented breadcrumb Chilled fermented breadcrumb 
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Table A.7. Heat capacity (cp), specific chemical exergy (b0) and molecular weight 
(MW) of the components used for the calculations. 
Component cp (kJ/kg/K) b0 (MJ/kg) MW (kg/mol) 
Water (l) 4.18 0.05a 
0.018 
Water (g) 1.84 0.53a 
Protein 1.71 22.61a 80,000f 
Simple carbohydrates 1.55 16.70a 0.180 
Complex carbohydrates 1.55 17.64a 48,600g 
Fibres 1.55 13.80b 22,000b 
Fat 1.93 43.09c 0.280c 
Salt 0.88 0.24a 0.058 
Ash 0.84 0.02a 0.035h 
Carbon dioxide 0.92 0.24a 0.044 
Ethanol (g) 2.44 30.14a 0.046 
Low density polyethylene 
(LDPE) 
2.10 48.48d – 
Cardboard 1.34 16.83e – 
aValue adapted from Szargut [49]. 
bValue calculated assuming that all fibres are arabinoxylans composed of a linear chain of D-xylopyranose with attached 
branches of α-L-arabinofuranose. Both have the same structural groups and therefore assumed to have the same specific 
chemical exergy, which is calculated based on the chemical structure data of Szargut [49]. Assuming a molecular weight 
of wheat arabinoxylan of 220,000 g/mol found by Le Gall et al.. [50] and a molecular weight of xylose of 150 g/mol, 
there are 1465 units of xylopyranose and thus the specific exergy of the fibres can be calculated. 
cAssuming it is linoleic acid. 
dValue calculated by assuming that it is composed of 10,000 ethylene units (0.028 kg/mol) [51]. 
eAssuming that the cardboard is composed of cellulose and has the same thermal properties as paper. 
fValue adapted from Goesaert et al.. [52] as an average value for gluten. 
gAssuming a degree of polymerization of glucose units of 300. 
hAssuming it is composed 50% from phosphorus and 50% potassium. 
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Abstract  
We compare the exergetic performance of a conventional industrial mushroom 
production chain with a mushroom production chain where part of the compost 
waste is recycled and reused as raw material. The critical exergy loss points (CEPs) 
identified are the cooking-out process of the spent mushroom substrate, and the 
phase I composting process which are related to chemical and physical exergy 
losses, respectively. The total exergy input requirements for the conventional chain 
are higher (24 GJ per three flushes of mushrooms) than for the alternative chain (17 
GJ per three flushes of mushrooms) since more raw materials are required. The 
largest exergy losses are due to unclosed material balances, i.e. chemical exergy 
losses, which represent 69% of the total exergy losses for the conventional chain, 
and 56% for the alternative production chain. Therefore, it only makes sense to 
reduce any avoidable physical exergy losses after utilizing all mass streams 
maximally that translate into chemical exergy flows. Further comparison of 
exergetic indicators (e.g. specific exergy losses, and exergetic cost) shows that 
recycling material streams would improve the resource efficiency of the industrial 
mushroom production chain considerably. The variations in the assumed electricity 
consumption values for the ventilation in phase I composting and for the ammonia 
scrubbing process affect greatly the exergetic indicators and the number of critical 
exergy loss points indicating that any further improvement on the exergetic 
performance of the mushroom production chain should focus on these two process 
variables. This study shows that variability in data can influence both quantitatively 
and qualitatively the outcome of exergetic analyses of food production chains since 
it can lead to the calculation of different values for the selected indicators as well as 
to the identification of completely different critical exergy loss points. 
Keywords: Sustainability; Exergy analysis; Food industry; Recycling;  
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Introduction  
A proper investigation of the resource flows, particularly in the food manufacturing 
and processing sectors is crucial for achieving a better sustainable food supply 
system [1]. The feasibility of reducing resource consumption and waste in three 
different food production chains was shown by Lee and Okos [2] while the potential 
for designing novel side-stream valorisation strategies into added value products has 
been discussed by Fava et al. [3]. Several indicators have been developed for 
assessing the sustainability of food production chains which include economic, 
social, and environmental aspects [4]. However, there seems to be no agreement in 
the scientific community on a standardization procedure for the use of all the 
available sustainability metrics and footprints [5].  
The fundamental laws of thermodynamics for assessing the sustainability of food 
production are objective beyond dispute, they can be used to identify the causes of 
inefficiencies in the use of material and energy, and they can help in designing food 
production chains in a more sustainable manner. An objective tool for assessing the 
sustainability of food production chains that is based on the second law of 
thermodynamics is exergy analysis [6-12] where all input resources (e.g. raw 
materials, energy) are considered in terms of useful work (exergy). The main steps 
for exergetically analysing a food production chain have been summarized in 
literature [13]. Exergy analysis is useful in identifying Critical Exergy loss Points 
(CEPs) that are defined as locations in the food production chain where most of the 
input exergy is lost (destroyed and/or wasted). The number of CEPs might vary for 
different food production chains depending on the number of processing steps that 
are either exergy intensive by nature (e.g. phase change processes like drying) or 
exergetically wasteful (e.g. processes where a lot of material, i.e. chemical exergy, is 
wasted). Therefore, the types of exergy loss (chemical or physical) can influence the 
decision on selecting an alternative process or chain modification to be assessed.  
The determination of a processing step along the chain as a CEP or not can be 
influenced greatly by the variability of data used during the assessment, and it can 
affect the final decision for any potential improvement on the food production chain. 
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Therefore, screening for influential variables in the model can be very useful for 
providing more information on the comparison of the exergetic performance of 
industrial food production chains, and it should be an integral part of any exergy 
analysis.  
This paper compares the exergetic performance of two industrial mushroom 
production chains (A. bisporus) by taking into consideration the influence of data 
variability on the identification of CEPs. The conventional mushroom production 
chain is compared with a production chain design where part of its compost waste is 
recycled and reused as a raw material. First, both mushroom production chains are 
analysed by material, energy, and exergy balances. Secondly, the chains are 
compared based on the cumulative exergy losses, specific exergy losses, exergetic 
efficiency, and critical exergy points.  
Finally, a sensitivity analysis is used to screen for the most influencing variables of 
the model on the identification of CEPs. This study demonstrates that assumptions 
can have a considerable influence on the identification of CEPs, and, consequently, 
on the outcome of the assessment. 
Methods 
General description of the industrial mushroom production chain 
The industrial production of fresh white button mushrooms (A. bisporus) is studied. 
The system boundaries and the most relevant input material and energy streams in 
the industrial production of fresh mushrooms are shown in Figure 1. In summary, 
the main parts of the industrial mushroom production chain include: the composting 
process (mixing, phases I, II and III, and ammonia scrubbing), the casing soil 
production, and the growing and harvesting of mushrooms [14].  
The mushrooms are grown on composted organic waste (amongst others horse 
manure), which is covered by a layer of peaty material, called casing soil. Therefore, 
both the productions of the compost as well as of the casing soil are considered as 
integral parts of the industrial mushroom production chain. Compost provides the 
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main nutrients (i.e. carbon and nitrogen) for the fungus while the casing soil has a 
supportive function and acts as a fast water absorber and slow water releaser for the 
mycelia to start pinning [15, 16]. The final compost is transported to growers where 
mushrooms (the final product) are harvested to up to three consecutive flushes 
(batches), each one with a lower yield due to potential infections. Growers in reality 
chose their own production plans, however, here it is assumed that all three flushes 
are produced from a certain amount of compost. The remaining spent mushroom 
substrate and casing soil, after the harvesting of mushrooms, is called spent 
mushroom substrate (also known as “champost”), and usually is steamed (“cooked-
out”) to become pathogen-free before it is discarded as landfill. In this analysis this 
side-stream is considered as a waste stream, and its impact on the sustainability of 
the total chain by potential recycling as a useful raw material is studied.  
Clearly, the complexity of the industrial mushroom production chain lies on the 
multiple sources of data used for the analysis, which come both from literature as 
well as from personal communication with experts in the field. Therefore, the 
majority of data used in the analysis are represented in the form of tables. The most 
relevant considerations shown in Table 1 are briefly discussed:  
A fixed amount of 3.5 tonnes of initial raw material mix is assumed to be processed 
leading to the production of three flushes of fresh mushroom (365 kg, 231 kg, and 
91 kg, respectively) for both production chains to set a benchmark for a fair 
comparison. 
Additional quality aspects (e.g. initial moisture content of the raw materials mix, the 
carbon to nitrogen ratio, the composition of the final product, etc.) are assumed to be 
the same in the two industrial mushroom production chains in order to deem their 
comparison fair. 
Other important assumptions, being the recipe for the initial compost mix, the 
composition of the raw materials and final products, and the assumptions related to 
the exergy analysis can be found in Tables A.1, A.2, A.3, and A.4 of the Appendix, 
respectively.  
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Figure 1. Flowchart of the conventional mushroom production chain, split into three 
sub-chains highlighted in grey colour: the production of compost, the production of 
casing soil, and the growing of mushrooms. 
Table 1. Industrial mushroom production chain description. 
Comment  
The total mushroom yield is fixed (Table A.1.) 
The total initial amount of raw material mixture is fixed (Table A.1) 
The carbon to nitrogen ratio in the initial raw material mix should be the same (Table A.1.) 
The moisture content in the initial raw material mix should be the same (Table A.3.) 
The composition of mushrooms should be the same (Table A.3.) 
The compost: casing soil ratio reaching the growers should be the same (Table A.1.) 
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 Detailed description of the industrial mushroom production chain 
The selected process variables used in this study (Table 2) are discussed. The main 
raw materials used in the compost recipe are straw and horse manure (carbon 
sources), chicken manure and ammonium sulphate (nitrogen sources), gypsum 
(physical conditioner that reduces the greasiness of the compost [17]), and water. 
These materials are mixed together to a certain carbon to nitrogen ratio of 10.2, 
reaching an initial nitrogen content of 21 kg per tonne of straw used [18]. The 
electricity used for mixing is assumed to range between 64 and 75 W/kg mix [19], 
while the fuel used for mobilizing mixing trucks is assumed to range between 0.015 
and 0.054 m
3
/h [20]. The electricity use for conveyor belts is assumed to range 
between 0.007 and 0.035 W/kg mix [21]. Further processing conditions are required 
to make the compost a selective substrate for A. bisporus. Composting is a process 
where a plethora of biochemical reactions occur, heating up the substrate, producing 
ammonia [22], and evaporating considerable amounts of water [17, 18]. Therefore, 
proper aeration of the substrate by ventilation is necessary for preventing anaerobic 
conditions that can lead to infections. Aeration is run at specified time intervals by 
regulating both oxygen, and temperature levels inside the tunnels. The electricity use 
depends heavily on the ventilation program where accurate information is not 
readily available in literature. By considering certain duration and vent operation 
schedule for each phase, its estimated value ranges between 0.0001 kWh/m
3
 
(www.fancom.com, 2015) and 0.0025 kWh/m
3
 of air ventilated. The maximum 
value was calculated by considering an electricity use of 34.4 kWh/ton of compost 
ventilated [23, 24]. Legislation prevents the release of the ammonia produced to the 
environment, and therefore, the airstream leaving the tunnels is scrubbed in spray 
towers by concentrated sulphuric acid producing ammonium sulphate [25].  
The electricity use for this process is also not readily available. Its minimum value 
has been found to be around 0.00006 kWh/m
3
 [26] while its maximum value was 
calculated to be 0.00534 kWh/m
3
 of air processed (Appendix B). Casing soil is 
produced using peat due to its high air to water ratio, and its high water holding 
capacity. The natural acidity of the peat is counteracted by using spent lime and marl 
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[17]. The transportation energy use was represented by an average distance between 
certain locations of our industrial partner in the Netherlands, and by assuming that 
diesel trucks of a pre-specified capacity, and fuel efficiency are used, as further 
specified in the appendix (Table A.1). All values discussed, even though seemingly 
small, apply for processing vast amounts of air, and, therefore, are relevant for the 
analysis. Table  shows the minimum and maximum values for each process variable 
considered in the analysis. The illustrative figures with the material and exergy 
flows that are discussed in this paper, correspond to the base case scenario which is 
considered as the average value between the minimum and maximum values of the 
selected process parameters.  
Table 2. Selected process variables.  
 min Base case max Reference 
Mixing process     
electricity use (W/kg mix) 64 69 75 [19] 
fuel use (m3/h) 0.015 0.034 0.054 [20] 
Conveyor     
electricity use (W/kg mix) 0.007 0.021 0.035 [21] 
Composting process     
ventilation electricity use (kWh/m3 air) 0.0001 0.0013 0.0025 [23, 24] 
Scrubbing process     
electricity use (kWh/m3 air) 0.0001 0.0027 0.0053 [26, 27] 
ammonia removal efficiency (%) 70 80 90 [26, 28] 
use of excess sulphuric acid (%) 0 10 20 Assumed 
Growing process     
electricity use (W/m3) 15 17 19 [29] 
wall overall heat transfer coefficient (W/m2 K) 9 10 10 [30] 
safety factor (-) 1.1 1.23 1.35 [31] 
heater efficiency (%) 75 85 95 [32] 
cooking-out temperature (K) 343 418 493 [33, 34] 
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Thermodynamic assessment 
The mass, energy, and exergy balances of the industrial mushroom production 
chains are used to construct Sankey and Grassmann diagrams using the software 
E!Sankey Pro. The conservation of mass and energy has been applied throughout the 
chain. More specific calculations regarding particular processing steps such as for 
the energy use at the scrubber and for the cooking out process are shown in 
Appendix B. Table 3 shows all relevant calculations considered in the analysis. The 
yield, the water footprint (WF), and the specific energy consumption (SEC) are 
calculated to be juxtaposed with the exergetic indicators to demonstrate the 
usefulness of the latter for capturing the impact of chain modifications on the 
outcome of the sustainability assessment.  
The concept of exergy is valid in relation to a particular environment of reference 
only. In this study, the environment of reference is set at 1 atmosphere, at 298 K, 
and at 8 g water per kg dry air (41% relative humidity). The relevant forms of 
exergy considered for this industrial food production chain are the thermal exergy, 
the chemical exergy, and the mixing exergy of streams. By setting up the exergy 
balance it is possible to calculate several exergetic indicators. The cumulative 
exergy losses (CEL) are useful for estimating the total exergy wasted and destroyed 
for processing a certain amount of raw materials. A lower CEL-value implies a less 
exergy intensive food production chain. The specific exergy losses (SEL) show the 
total exergy lost to produce one kg of final product. The lower the SEL the less 
resistance there is to produce this particular food product. The rational exergetic 
efficiency shows how well the exergy is passing through the whole industrial food 
production chain. A higher exergetic efficiency reflects a more sustainable industrial 
food production chain. The exergetic cost (EC) shows the ratio of the total exergy 
investment over the total product exergy. The lower the EC the less exergy 
demanding is the food production chain. To identify a CEP, a threshold criterion has 
to be set. Here, a CEP is considered as any location in the mushroom production 
chain where more than 10% of the total exergy losses occur.  
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Table 3. Relevant equations used in the assessment.   
Material balance ∑ 𝑚𝑖,𝑖𝑛 − ∑ 𝑚𝑖,𝑜𝑢𝑡 = 0 
Mass efficiency 𝑛𝑚 =
𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡
𝑚𝑟𝑎𝑤 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑖𝑛𝑝𝑢𝑡
 
Water footprint 𝑊𝐹 =
𝑚𝑤𝑎𝑡𝑒𝑟
𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 
Energy balance ∑ 𝑄𝑖,𝑖𝑛 − ∑ 𝑄𝑖,𝑜𝑢𝑡 + ∑ 𝐸𝑖 + ∑ 𝐹𝑖 = ∑ 𝑄𝑖,𝑙𝑜𝑠𝑠𝑒𝑠 
Thermal energy of stream i 𝑄𝑖 = 𝑚𝑖𝑐𝑝,𝑖(𝑇𝑖 − 𝑇𝑜) 
Heat capacity of stream i 𝑐𝑝,𝑖 = ∑(𝑐𝑝,𝑗𝑥𝑗) 
Specific energy consumption 𝑆𝐸𝐶 =
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒𝑑
𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 
Exergy of stream i 𝐵𝑖 = 𝐵𝑖,𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 + 𝐵𝑖,𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 + 𝐵𝑖,𝑚𝑖𝑥 
Physical exergy of stream i 𝐵𝑖,𝑝ℎ𝑦𝑠𝑖𝑐𝑎𝑙 = 𝐵𝑖,𝑡ℎ𝑒𝑟𝑚𝑎𝑙 + 𝐵𝑖,𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 + 𝐵𝑖,𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 
Thermal exergy of stream i 𝐵𝑖,𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝑚𝑖𝑐𝑝,𝑖 [(𝑇𝑖 − 𝑇𝑜) − 𝑇𝑜𝑙𝑛 (
𝑇𝑖
𝑇𝑜
)] 
Pressure exergy of stream i 𝐵𝑖,𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 = 𝑁𝑖𝑅𝑇𝑜𝑙𝑛 (
𝑃𝑖
𝑃𝑜
) 
Chemical exergy of stream i 𝐵𝑖,𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 = 𝑚𝑖 ∑(𝑏𝑜,𝑗𝑥𝑗) 
Specific mixing exergy of air i  𝑏𝑖,𝑚𝑖𝑥 = 𝑅𝑇𝑜 [
𝑤
𝑀𝑊𝑤
𝑙𝑛 (
𝑤 ∙ 𝑀𝑊𝑎
𝑤 ∙ 𝑀𝑊𝑎 + 𝑀𝑊𝑤
) +
1
𝑀𝑊𝑎
𝑙𝑛 (
𝑀𝑊𝑤
𝑤 ∙ 𝑀𝑊𝑎 + 𝑀𝑊𝑤
)] 
Specific chemical exergy of air i 𝑏𝑖,𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 = |𝑏𝑚𝑖𝑥(𝑤) − 𝑏𝑚𝑖𝑥(𝑤𝑜)| + |𝑤 − 𝑤𝑜|𝑏𝑜,𝑠𝑡 
Mixing exergy of stream i 𝐵𝑚𝑖𝑥 = 𝑁𝑖𝑅𝑇𝑜 ∑ (𝑥𝑗𝑙𝑛(𝑎𝑗)) 
Fuel chemical exergy 𝐵𝑓 = 𝑓𝑙 ∙ 𝑐𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑣𝑎𝑙𝑢𝑒 
Cumulative exergy losses1 𝐶𝐸𝐿 = ∑ 𝐵𝑖,𝑖𝑛 − ∑ 𝐵𝑖,𝑜𝑢𝑡 = ∑ 𝐵𝑖,𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 + ∑ 𝐵𝑖,𝑤𝑎𝑠𝑡𝑒𝑑 
Specific exergy losses1 𝑆𝐸𝐿 =
𝐶𝐸𝐿
𝑚𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 
Rational exergetic efficiency1,2 𝜂 =
∑ 𝐵𝑝𝑟𝑜𝑑𝑢𝑐𝑡
∑ 𝐵𝑖,𝑖𝑛
 
Exergetic cost3 𝐸𝐶 =
∑ 𝐵𝑖,𝑖𝑛
𝐵𝑝𝑟𝑜𝑑𝑢𝑐𝑡
 
1As described by Szargut [35]. 
2As described by Szargut [35] and Kotas [36]. 
3As described by Sciubba [37]. 
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Sensitivity analysis 
A sensitivity index (SI) is calculated to assess the influence of the variability of data 
on the outcome of the analysis in a relatively fast manner. The use of the SI has been 
demonstrated in energy conservation studies in the field of civil engineering [38]. In 
this paper, the SI is used to screen for the most influential variables on the indicators 
studied, and their impact on CEP identification. SI is defined as: 
𝑆𝐼𝑖
𝑗 = |
𝐼𝑖
𝑚𝑎𝑥 − 𝐼𝑖
𝑚𝑖𝑛
𝐼𝑖
𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒 | 
where 𝐼𝑖
𝑚𝑎𝑥, 𝐼𝑖
𝑚𝑖𝑛 , and 𝐼𝑖
𝑏𝑎𝑠𝑒 𝑐𝑎𝑠𝑒  are the calculated values for the indicator j at the 
maximum, the minimum, and the base case value of the selected process variable i, 
while all other process variables remain constant at their base case values. The 
higher the sensitivity index for a selected variable, the more influential that variable 
is on the calculated indicators.  
Results and discussion 
The results of the overall sustainability assessment are shown in Table 4. 
Assessment of the conventional mushroom production chain 
The Sankey mass flow diagram for the base case mushroom production chain can be 
seen in Figure 2. The total yield of mushrooms (of three flushes) is 687 kg after 
processing 3500 kg of initial raw material mix and about 600 kg of casing soil with a 
mass efficiency of 15%. This low mass efficiency is due to the wastage of spent 
mushroom substrate. Typically, the spent mushroom substrate is steamed (cooked-
out) for reasons of microbiological safety, and then it is transported and applied on 
fields. The water footprint (WF) is 3.4 kg of water per kg of mushrooms produced. 
The specific energy consumption (SEC) is 14.1 MJ/kg mushrooms. The cumulative 
exergy loss (CEL) is 24.9 GJ per three flushes of mushrooms. The thermodynamic 
price to produce one kg of mushrooms (SEL) is 36.3 MJ. The overall exergetic 
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efficiency (n) is 4.8%, or in other words, the exergetic cost (EC) to run the industrial 
mushroom production chain is 20.9 times the product exergy. 
The exergy losses in the conventional chain (expressed as percentages of the total 
exergy loss) are shown in Figure 3. Most of the chemical exergy losses, which are 
also the main type of exergy losses, occur after the cooking-out process where the 
spent mushroom substrate is wasted, while most of the physical exergy losses occur 
at the phase I of the composting process. These findings are visualized in the 
Grassmann diagram (Figure 4). The spent mushroom substrate is discarded to the 
environment, which means that it attains zero exergy by definition as soon as it 
becomes part of the environment, provided it does not lead to pollution effects. 
Consequently, phase I composting and the cooking-out process can be considered as 
CEPs for the conventional mushroom production chain with the base case values for 
the process variables. 
Assessment of the recycling mushroom production chain 
The case where the spent mushroom substrate is seen as a useful input raw material 
is also assessed, because the chemical exergy losses at the cooking our process are 
the main causes of inefficiencies. The Sankey and Grassmann diagrams of the 
recycling mushroom production chain are shown in 5 and 6, respectively. 
Approximately 45% of the total spent mushroom substrate being wasted in the 
conventional chain can be recycled theoretically when considering the carbon-to-
nitrogen ratio and the moisture content, and further assuming that the total amount to 
be composted has to remain the same as in the conventional chain. Moreover, it is 
assumed that the complete replacement of wheat straw, horse manure, and 
ammonium sulphate by recycling spent mushroom substrate is possible and yields a 
similar amount and quality of mushrooms, required for a fair exergetic comparison.  
In the recycling case, the ammonium sulphate becomes a valuable product. About 
0.06 kg ammonium sulphate per kg mushrooms is produced in the ammonia 
scrubbing process while the produced amount is insufficient to fulfil the compost 
recipe requirements in the conventional mushroom production chain. The mass 
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efficiency is increased up to 20% since less spent mushroom substrate is wasted. 
The WF and SEC are slightly reduced by 5% and 4%, respectively, since no wheat 
straw and horse manure are added anymore, and because less spent mushroom 
substrate is wasted and transported for disposal. The CEL, SEL, n, and EC now are 
17.3 GJ per three flushes, 25.2 MJ/kg mushrooms, 8.0%, and 12.5, respectively. 
Also in this case, phase I composting and the cooking-out process remain the CEPs 
when using the base case values for the process variables. 
Comparison of the two food production chains at their base case 
values 
Clearly, there is a considerable improvement in all indicators studied when part of 
the spent mushroom substrate is recycled. More specifically, the SEC, CEL, SEL, n, 
and EC for the base case values of the process variables, are improved by 4%, 30%, 
30%, 3.3%, and 41%, respectively.  
Figure 7 shows that the total exergy input requirements for the recycling chain are 
lower (17 GJ per three flushes of mushrooms) than for the conventional chain (24 
GJ per three flushes of mushrooms) since less raw material is required. It is worth 
noting that the chemical exergies related to raw materials have the greater share of 
the total exergy input in both chains. 
Figure 8 shows the evolution of the specific chemical exergy of raw materials, 
intermediate products, and final products in both chains. As the compost mix 
becomes more concentrated during composting due to the moisture evaporation, its 
specific chemical exergy increases. The specific exergy values shown for the 
recycling chain are lower than the conventional chain due to the different elemental 
composition of the compost raw material mix. Based on the above, it makes sense to 
utilize the complete amount of produced spent mushroom substrate e.g. for energy 
recovery [39] or as a fertilizer [40]. Therefore, when the total amount of spent 
mushroom substrate is seen as a useful product in the recycling chain then the 
exergetic indicators CEL, SEL, n, and EC become 10.6 GJ per three flushes, 15.5 
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MJ/kg mushrooms, 36.8% (including the additional spent mushroom substrate 
exergy), and 2.7 (including the additional spent mushroom substrate exergy), 
respectively.  
Variability and its impact on the final assessment 
Table 4 shows that the value of a given process variable can greatly affect the 
outcome of the analysis. The CEP for both mushroom production chains is the 
cooking-out process when all the process variables attain their minimum values. 
However, the maximum values for all variables results in phase I composting as 
additional CEP for both the base case. Moreover, the SI index calculated for the 
improvement of all the indicators shows that mainly the SEL and n are strongly 
affected by the value of the process variables. In contrast, the mass efficiency and 
the water footprint are not influenced at all. The reason for this is that mass-related 
assumptions and estimations have less variability since they are strongly coupled 
and/or depend on the compositions and flows that are usually known or can be 
measured in industrial practices.  
Figure 9 shows that the electricity used for ventilation during the composting 
process and the electricity use during ammonia scrubbing are the dominant process 
variables that affect the SEC, CEL, SEL, n, and EC in both the conventional and the 
recycling mushroom production chain when all other variables are held constant at 
their base case values. The exergy losses at phase I are too small to consider this 
process step to be a CEP in case the electricity use for ventilation during the 
composting process is at its minimum value. However, when it attains its maximum 
value, the physical exergy losses become quite large. A similar effect can be 
observed for the electricity use during the scrubbing of the ammonia, however, its 
magnitude is smaller.    
 
 122 
 
 
Figure 2. Sankey mass flow diagram of the conventional mushroom production chain for the base case scenario. The dry air flows 
during the composting phases are excluded for visualization purposes. 
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Figure 3. Distribution of exergy losses for the base case scenario occurring in 
locations in top: the conventional and bottom: the alternative (recycling) mushroom 
production chain.  
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Figure 4. Grassmann diagram of the conventional mushroom production chain for the base case scenario, depicting the cumulative 
exergy losses (GJ/three flushes of mushrooms) and the critical exergy loss points (CEPs). 
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Figure 5. Sankey mass flow diagram of the recycling mushroom production chain for the base case scenario. The dry air flows during 
the composting phases are excluded for visualization purposes. 
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Figure 6. Grassmann diagram of the recycling mushroom production chain for the base case scenario, depicting the cumulative exergy 
losses (GJ/three flushes of mushrooms) and the critical exergy loss points (CEPs). 
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Figure 7. Exergy inputs used to drive both the conventional and the recycling 
mushroom production chain for the base case scenario.   
 
Figure 8. Evolution of specific chemical exergy (MJ/kg) in both the conventional 
and the recycling mushroom production chains for the base case scenario.  
 
 
0
5
10
15
20
25
Current chain Recycling chain
In
p
u
t 
ex
e
rg
y 
(G
J/
3
fl
u
sh
e
s)
Diesel
Natural gas
Electricity
Spawn
Spent Lime
Marl
Peat Frozen
Peat Fresh
Amm. Sulphate
Chicken Manure
Gypsum
Horse Manure
Water
Straw
0
1
2
3
4
5
6
7
Raw
materials
mix
Compost
Phase I
Compost
Phase II
Compost
Phase III
Final
products
Sp
e
ci
fi
c 
ch
e
m
ic
al
 e
xe
rg
y 
(M
J/
kg
)
Current chain Recycling chain
Mushrooms
Champost
 128 
 
 
Figure 9. Sensitivity indexes for: a) the specific energy consumption (MJ/kg 
mushrooms), b) the cumulative exergy losses (GJ/three flushes of mushrooms), c): 
the specific exergy losses (MJ/kg mushrooms), d): the rational exergetic efficiency 
(%), and e) the exergetic cost (-). 
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Table 4. Indicators calculated for both mushroom production chains for the 
minimum and maximum values of the most influencing variable (electricity use of 
the ventilation of Phase I composting). 
 Conventional mushroom 
production chain 
Recycling mushroom 
production chain 
Improvement (%) SI6 
min Base 
case 
max min Base 
case 
max min Base 
case 
max 
Mushroom yield  
(kg/ three flushes) 
687 687 687 687 687 687 0 0 0 * 
Ammonium sulphate 
yield (kg/kg 
mushrooms) 
0 0 0 0.0553 0.0634 0.0715 * * * * 
Mass efficiency (kg of 
useful products/kg of 
raw material inputs) 
(%) 
15 15 15 20 20 20 5 5 5 0.0 
Water footprint (kg 
water/kg mushrooms)1 
3.4 3.4 3.4 3.2 3.2 3.2 5 5 5 0.0 
SEC (MJ lost/kg 
mushrooms)2 
7.9 14.1 20.3 7.3 13.5 19.7 7 4 3 1.1 
CEL (GJ lost/three 
flushes) 
20.6 24.9 29.2 13.1 17.3 21.6 37 30 26 0.4 
SEL (MJ lost/kg 
mushrooms) 
30.1 36.3 42.5 19.0 25.2 31.4 37 30 26 0.4 
η  (MJ of useful 
products exergy/MJ of 
total input exergy) (%)7 
5.8 4.8 4.1 10.7 8.0 6.4 4.9 3.3 2.4 0.8 
EC (MJ of total input 
exergy / MJ of useful 
exergy) (-) 
17.2 20.9 24.7 9.3 12.5 15.6 46 41 37 0.2 
CEP8 
Coo
king
-out 
Phase I, 
Cooking
-out 
Phase I, 
Cooking
-out 
Cooking
-out 
Phase I, 
Cooking
-out 
Phase I, 
Cooking
-out 
    
1Does not consider cleaning water.  
2Where the consumed energy is considered as the total electricity, fuel, and natural gas used. 
3At 70% ammonia removal efficiency. 
4At 80% ammonia removal efficiency. 
5At 90% ammonia removal efficiency. 
6Sensitivity index for the improvement of the indicators calculated as the absolute difference between the minimum and 
the maximum improvement value over the base case improvement value.  
7Where the useful products are the mushrooms and the ammonium sulphate produced. The used spent mushroom 
substrate is internally recycled within the system boundaries and for this reason it is not considered in the overall 
exergetic efficiency. 
8Identified by the Grassmann diagrams and CEL. 
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Conclusion 
The paper analysed the mushroom production chain using exergy analysis. The main 
outcomes of the analysis are:  
 The Critical Exergy loss Points (CEPs) identified for both the conventional 
and the recycling mushroom production chain, in all cases studied 
(minimum, maximum, and base case values of the process variables), are 
the cooking-out process of the spent mushroom substrate (chemical exergy 
losses), and the phase I composting process (physical exergy losses).  
 
 Partial recycling of the spent mushroom substrate improves all indicators. 
The chemical exergy losses are much larger than physical exergy losses 
and, therefore, it makes sense to improve the mushroom production chain 
first by closing any material loops and only then improving the chain in 
terms of physical exergy. Utilizing the complete amount of spent 
mushroom substrate would theoretically improve the overall 
thermodynamic performance of the mushroom production chain 
considerably. However, the complete recycling of the spent mushroom 
substrate could not sustain the same composition in the substrate (e.g. 
nitrogen to carbon ratio, moisture content, etc.) that is required for the 
proper growth of A. bisporus. Perhaps other potential uses of the wasted 
spent mushroom substrate as is could be considered for an exergetic 
assessment e.g. for energy recovery or as a fertilizer. In those cases, the 
system boundaries should be extended in order to consider any additional 
processes and streams required. 
This paper further demonstrates the effect of the variability in data on the 
identification of CEPs in the industrial production of compost for mushroom 
growing, giving the following additional conclusions: 
 The variability of the values of the process variables influences the overall 
assessment greatly. The process variables that influence the most the 
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outcome of the assessment are the electricity consumption values used at 
the ventilation of Phase I composting and at the ammonia scrubbing 
process. Those variables affect mainly the SEC, n, CEL, and SEL 
indicators which in turn determine the number of CEPs. When the 
electricity consumption for ventilation in Phase I composting attains its 
minimum value then the only CEP is the cooking-out process. However, 
when it attains its base case, or maximum value then the Phase I 
composting process also becomes a CEP. The value assumed for the 
electricity use during scrubbing also influences the indicators but to a much 
lesser extent. Therefore, any further improvement of the exergetic 
performance of the mushroom production chain should focus on the 
electricity consumed for ventilation in the Phase I composting process. 
 
 The results of this case study are of broader relevance for the exergetic 
assessment of industrial food production chains since they show that the 
sensitivity to variation in process (model) parameters is essential in 
determining the final outcome of the analysis. Variability in data can lead 
to both quantitative and qualitative different outcomes i.e. obtaining 
different values for the selected indicators but also identifying completely 
different CEPs. 
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Nomenclature 
𝑚 mass [kg] 
𝑤 moisture content of air [kg water/kg dry air] 
𝑥 mass fraction of component [-] 
𝑁 total number of moles [mol] 
𝑎 activity [-] 
𝑐𝑝 heat capacity [MJ/kg/K] 
𝑓𝑠 safety factor [-] 
𝑓𝑏  heater efficiency [%] 
𝑓𝑓  exergy quality factor for natural gas [-] 
𝑇 temperature of stream [K] 
𝑇𝑜 environmental reference temperature [K] 
𝑅 universal gas constant [MJ/mol/K] 
𝑃 pressure [Pa] 
𝑄 thermal energy [MJ] 
𝐸 electricity [MJ] 
𝐹 fuel chemical energy [MJ] 
𝐵 exergy [MJ] 
𝑏𝑜 standard chemical exergy [MJ/kg] 
𝑅𝐸 reference environment 
𝑊𝐹 water footprint [kg water / kg product] 
𝐶𝐸𝐿 cumulative exergy losses [MJ] 
𝑆𝐸𝐿 specific exergy losses for the total system [MJ/kg final product] 
𝜂 overall rational exergetic efficiency [%] 
𝐸𝐶  exergetic cost [MJ total exergy input/MJ product exergy] 
𝑆𝐼 sensitivity index [-] 
𝐼 indicator (mass, energy, exergy indicators) 
Subscripts 
m mass efficiency 
ex exergy efficiency 
st steam 
i stream 
j component 
o environment of reference  
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Appendix A 
Table A.1. Main assumptions considered for the industrial mushroom production 
chain. 
 Value Comment / Reference 
Composting production   
Initial amount of raw materials mix (tonnes) 3.5 [17] 
Carbon to nitrogen ratio in the initial raw material mix 
10.2 Estimated on the basis of the total 
amount of nitrogen 
Total nitrogen in the initial raw material mix (kg/tonne of straw in mix) 21 [18] 
Density of raw materials mix (kg/m3) 485 [17] 
Water losses by evaporation in phase I (%) 35 [17] 
Water losses by evaporation in phase II (%) 30 [18] 
Ammonia produced in phase I (kg/tonne of compost) 2.1 [22] 
Ammonia produced in phase II (kg/tonne of compost) 0.2 [22] 
Air ventilated in phase I (m3/h per tonne compost) 15 [18] 
Air ventilated in phase II (m3/h per tonne compost) 200 [18] 
Duration of phase I (h) 120 [18] 
Duration of phase II (h) 96 [18] 
Vent operational time of phase I (h) 40 [18] 
Vent operational time of phase II (h) 12 [18] 
Latent heat of vaporization (MJ/kg water) 2.44 [30] 
Latent heat of metabolic reaction (MJ/kg compost dry matter) 17.6 [30] 
Spawn density (l/tonne of compost phase I) 7 [18] 
Sulphuric acid concentration (% w/v) 96 [26] 
Scrubber operation time (h) 
52 Assuming that it is operating for 
the required ventilation time 
Scrubber capacity (l of sulphuric acid solution/h) 
0.77 Assuming a proportional value to 
Zhao et al. [28] 
Sulphuric acid solution to air ratio (l of sulphuric acid solution/m3 air) 0.2 [41] 
Scrubber pressure drop (kPa) 4.4 [42, 43] 
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Casing soil production 
Casing soil density (kg/m3) 900 [17] 
Peat density (kg/m3) 570 [17] 
Spent lime density (kg/m3) 1500 [17] 
Marl density (kg/m3) 2243 [44] 
Mushroom production   
Natural gas calorific value (MJ/kg) 54.5 Assumed 
Compost : casing soil ratio 3  
Approximate harvesting area (m2) 20 Estimated 
Water added (kg water/m2 compost) 24 [18] 
Compost use (kg compost/m2) 90 [18] 
Flushes (batches) produced 3 Assumed 
Average yield for all three flushes (kg mushrooms/m2) 12 [18] 
Average yield losses (%) 7 Personal communication 
Transportation   
Average distance (km) 246 Estimated for the Netherlands 
Average fuel consumption in trucks (m3/km) 0.0005 Assumed 
Average truck capacity (tonnes) 30 Assumed 
Diesel density (kg/m3) 830 [45] 
Diesel calorific value (MJ/kg)  42.6 [46] 
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Table A.2. Initial raw materials (compost) mix recipes for the conventional and for 
the recycling mushroom production chain. 
 Conventional 
production chain (%) 
Recycling production 
chain (%) 
Initial raw materials (compost) mix   
Wheat straw 1.857 0.0 
Horse manure 28.571 0.0 
Gypsum 2.143 0.0 
Chicken manure 22.54 31.604 
Ammonium sulphate 2.021 0.0 
Water 42.868 39.455 
Spent mushroom substrate (“champost”) * 28.941 
Casing soil mix   
Water 19.928 
Spent mushroom substrate (“champost”) * 
Peat (fresh) 10.767 
Peat (frozen) 43.067 
Marl 22.5 
Lime 3.738 
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Table A.3. Composition of raw materials, intermediate streams, and final products 
(%). 
Ingredient 
Wheat 
straw 
Horse 
manure 
Chicken 
manure 
Initial 
raw 
material 
mix
12
 
Comp. 
phase I
12
 
Comp. 
phase II
12
 
Comp. 
phase III
12
 
Peat Mushrooms 
Spent 
mushroom 
substrate 
Dry Matter 88.250
1
 27.670
2
 25.470
6
 18.128 24.500 31.657 35.000 28.000
7
 9.300
10
 34.825
11
 
Ash 3.335
1
 4.650 8.570
6
 5.015 6.857 8.867 9.651 0.000
8
 0.930
10
 12.084 
Carbon 40.206
1
 17.19
3 
9.220
6
 7.736 10.578 13.679 15.269 13.342
9
 * 12.800 
Nitrogen 0.636
1
 0.573
4
 1.503 0.758 0.800 1.014 1.178 0.616
9
 * 0.600 
Phosphorus 0.120 0.210 0.165 0.099 0.136 0.176 0.191 * * 0.156 
Potassium 0.129 1.146 0.606 0.466 0.638 0.825 0.897 * * 0.733 
Oxygen 39.092
1
 3.480
5
 4.822
5
 3.365 4.601 5.949 6.568 13.048 * 7.286 
Hydrogen 4.620
1
 0.411
5
 0.570
5
 0.401 0.498 0.640 0.695 0.812 * 0.688 
Sulphur 0.112 0.010
5
 0.014
5
 0.288 0.392 0.507 0.551 0.182 * 0.478 
Protein * * * * * * * * 3.069
10
 * 
Fat * * * * * * * * 0.186
10
 * 
Carbohydrates * * * * * * * * 1.86
10
 * 
Fibres * * * * * * * * 3.255
10
 * 
1Based on the average value of four wheat straws found in Zhang et al. [47]. 
2Based on Aikman [48]. 
3Assuming that it is 30 times the nitrogen content [49]. 
4Based on Moreno-Caselles et al. [50]. 
5Assuming that is is proportional to the composition of wheat straw. 
6Based on Quiroga et al. [51] where the composition was converted in total weight percentage. 
7Based on Fereira Batista [17]. 
8Almost negligible amount when converted in total weight percentage [52]. 
9Based on Kulikova and Kuular [53]. 
10Based on Nasiri et al. [54]. 
11Based on Gerrits [55]. 
12Based on its elemental composition. 
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Table A.4. Assumptions used for the calculation of chemical exergies. 
 Specific chemical exergy 
(MJ/kg) 
Reference 
Straw 19.1 Estimated1 
Gypsum 0.14 [56] 
Ammonium sulphate 5 [57] 
Ammonia 19.87 [57] 
Sulphuric acid 1.66 [57] 
Lime 1.96 [57] 
Marl 0.18 [56] 
Water (liquid) 0.05 [58] 
Water (gas) 0.53 [58] 
Ash 0.048 [59] 
Carbon 34.18 [60] 
Nitrogen 0.047 [60] 
Phosphorus 0.028 [58] 
Potassium 0.009 [61] 
Hydrogen 116 [60] 
Oxygen 0.003 [58] 
Sulphur 0.609 [61] 
Peat 8.8 [62] 
Proteins 22 [10] 
Fats 43 [10] 
Simple carbohydrates 16 [10] 
Fibres 17 [10] 
Exergy factor for diesel 1.07 [46] 
Exergy factor natural gas 1.05 [63] 
1On a basis of the assumed elemental composition and in agreement with literature [47, 64]. 
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Appendix B 
Scrubber energy use 
The maximum value of electricity use at the scrubbing process is calculated by 
considering both the electricity used for pumping the scrubbing liquid, and the 
electricity used for ventilation using the formulae given by Joseph et al. [27]. The 
pumping electricity use (kWh/m
3
) was calculated by assuming an inlet pressure of 
101 kPa, and a liquid to air ratio of 0.2 L/m
3
 air [41]: 
𝐸𝑙𝑖𝑞𝑢𝑖𝑑 = 0.28 ∙ 𝑃𝑖𝑛 ∙ 𝑟𝑎𝑡𝑖𝑜 
The electricity used for ventilation (kWh/m
3
) was calculated by assuming a pressure 
drop of 4.4 kPa [42, 43]: 
𝐸𝑎𝑖𝑟 = 2.724 ∙ 10
−4 ∙ ∆𝑃 
Cooking out energy use 
The calculation for the natural gas used in the cooking out process is described 
below. The calculation considers the amount of heat required by the champost and 
the heat losses through the walls where a safety factor, and a certain heating 
efficiency are assumed. Depending on the application the safety factor can range 
between 10% and 35% [31]. In the base case scenario the safety factor is chosen as 
the average between the minimum and the maximum value while a heating 
efficiency of 85% is assumed. The minimum temperature for the cooking out 
process is set at 70 
o
C for 8 h [33], while the maximum temperature/time 
combination has been set at 220 
o
C for 0.2 h. This temperature/time combination has 
been used in a study where different heat treatments were evaluated to determine the 
total inactivation of wood decaying fungi that belong to the family of 
basidiomycetes, the same as A. bisporus [34]. 
𝑄𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 = (𝑄𝑐ℎ𝑎𝑚𝑝𝑜𝑠𝑡 + 𝑄𝑙𝑜𝑠𝑠𝑒𝑠)𝑓𝑠 +
(100 − 𝑓𝑏)
100
(𝑄𝑐ℎ𝑎𝑚𝑝𝑜𝑠𝑡 + 𝑄𝑙𝑜𝑠𝑠𝑒𝑠) 
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𝑄𝑐ℎ𝑎𝑚𝑝𝑜𝑠𝑡 = 𝑚𝑐ℎ𝑎𝑚𝑝𝑜𝑠𝑡𝑐𝑝,𝑐ℎ𝑎𝑚𝑝𝑜𝑠𝑡(𝑇𝑐𝑜𝑜𝑘𝑜𝑢𝑡 − 𝑇𝑐ℎ𝑎𝑚𝑝𝑜𝑠𝑡) 
𝑄𝑙𝑜𝑠𝑠𝑒𝑠 = ℎ𝐴(𝑇𝑐𝑜𝑜𝑘𝑜𝑢𝑡 − 𝑇𝑜)𝑡𝑐𝑜𝑜𝑘𝑜𝑢𝑡(𝑚𝑐𝑜𝑚𝑝𝑜𝑠𝑡 + 𝑚𝑐𝑎𝑠𝑖𝑛𝑔 𝑠𝑜𝑖𝑙) 
𝐵𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 = 𝑄𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠𝑓𝑓 
𝑚𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 =
𝐵𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠
𝑏𝑜,𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠
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Chapter 5 
Thermodynamic efficiency analysis of a 
conceptual drying process:  Towards resource 
use efficiency in the food industry 
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Abstract 
We assess the resource use efficiency of a conceptual drying process of a sprayed 
lactose solution by natural convection described by a conventional mass and heat 
transfer model. The efficiency is described in terms of environmental performance 
that is considered as the irreversible consumption of natural resources using the 
concept of exergy (available work). The results show that the more the quality of the 
air (i.e. dry bulb temperature and moisture content) used for drying deviates from 
the environment of reference, the higher its value is in terms of exergy. The use of 
high driving forces (i.e. air of high dry bulb temperature and low relative humidity) 
leads to drying processes with high exergetic efficiencies. However, the drying rate 
matters on the overall process performance, i.e. fast drying has a higher exergy 
destruction rate and lower exergy efficiencies than slow drying. If possible, outlet air 
of high quality should be cascaded to other processes to improve dryer resource 
efficiency. The most relevant exergy forms to consider in a natural convective 
drying process are the thermal, pressure, and chemical exergy of the air and the food 
product, while the effect of the kinetic, potential, and surface tension exergy is 
negligible. Finally, it was shown that the exergy destruction is independent of the 
selection of the environment of reference. The outcome of this analysis shows the 
usefulness of the exergy concept for assessing the real efficiency of resource use in 
food processes.  
Keywords: Sustainability; Food industry; Exergy analysis; Irreversibility;  
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Introduction 
Drying is one of the most common technologies used in the food industry for 
extending the shelf life of food products and reducing transportation and storage 
expenses. It is an energy intensive process because it requires at least as much 
energy as the latent heat of vaporization of water. In practice, however, even more 
energy has to be supplied to generate the driving force for fast drying, to fuel the 
process due to heat losses from e.g. the exhaust airstream, the walls of the dryer, the 
steam generation system, and any additional equipment such as pumps and fans etc. 
[1].  
There are different ways of drying foods such as drum drying, spray drying, 
microwave-assisted drying, freeze drying and solar drying. In convective drying the 
process is driven by thermal and chemical potential gradients between the product 
and the air, leading to simultaneous heat and mass transfer, which influence a 
number of factors such as the quality of the final product, the duration, and the total 
energy requirements. Air quality, i.e. the capacity of the air to generate the potential 
gradients, can be expressed in terms of its dry bulb temperature and its moisture 
content. These two parameters affect the relative humidity of the air, and therefore, 
its capacity to remove water. For example, air of high quality has a high dry bulb 
temperature and a low relative humidity, while air of low quality has a low dry bulb 
temperature and a high relative humidity. Fast drying, required because of the 
limited residence time of a food product in a dryer, needs large driving forces and 
thus the use of high quality air indicating the consumption of considerable amounts 
of resources for upgrading its quality from its ambient state.  
The provision of the necessary conditions for inducing the phase change of water is 
costly and, needs  further research in the sustainable design of drying processes [2]. 
In this paper, sustainability is considered in terms of efficiency in the use of 
resources. An objective method for assessing the resource use of any process is 
exergy analysis because it is based on the first and second law of thermodynamics 
which quantifies the irreversible consumption of the natural resources. The use of 
exergy analysis in assessing drying systems has been reviewed [3], and it has 
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already been demonstrated that the exergy efficiency of drying processes in general 
is lower than their energy efficiency due to the irreversibility produced, and, 
therefore, it provides more relevant information for their sustainable design [4-6]. 
Besides, food drying process and drying related technologies are amongst the most 
important and most frequently assessed processes in the food industry [7].  
Exergy is defined as the maximum useful work that can be extracted from a system 
when it reaches equilibrium with a particular environment of reference [8]. For a 
process to run, a certain amount of exergy input has to be invested part of which has 
to be destroyed. Exergy is wasted with the side-streams  released to the 
environment, and together with the exergy destruction they constitute the total 
exergy losses.  
Within this context, a process can be considered sustainable when it does not require 
a lot of exergy input, and when it does not lose vast amounts of exergy. Exergy 
analysis therefore, helps in quantifying these losses, and in designing more 
sustainable drying processes.  
Exergy losses in dryers occur for a number of reasons, e.g. by the destruction of high 
quality chemical exergy (e.g. natural gas) at the air pre-treatment process (i.e. the 
burner), by the destruction of electrical (pure) exergy for the operation of the fans, 
due to inappropriate insulation leading to thermal exergy wasted to the environment, 
due to the atomization process in nozzles (e.g. in spray drying), and due to un-
cascaded residual air quality wasted in the environment. These losses are related to 
technical aspects of the dryer (e.g. type of insulation material, type of fan, type of 
burner and fuel etc.). The necessary amount of exergy invested and destroyed for the 
evaporation of water from the product to the drying medium can be estimated by 
analysing the exergy requirements of an adiabatic process (i.e. where all exergy is 
utilized in the process and there are no additional heat losses to the environment). It 
is expected that a fast drying process which requires large driving forces (e.g. warm 
and dry air) is more exergy-intensive than a slow process. 
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General rules for exergy-efficient process design have been proposed already in the 
50s by Denbigh: “all heat transfers should take place at the least possible 
temperature difference” [9], while more recently Leites et al. proposed twelve 
“commandments” [10] amongst which are the following:  
 “…the increase in the process rate often leads to an increase in energy 
resource consumption.” 
 “The best process is one in which energy and species enter and leave along 
the full length of the apparatus.” 
 “Select the lowest temperature heat sources.”  
 “The driving force of a process must approach zero at all points in a 
reactor, at all times.”  
These commandments aimed at energy saving practices in chemical processes, 
however, they seem to be of broader validity, and they seem to hold also for drying 
processes.  
A key aspect in exergy analysis is the choice of the environment of reference 
because it is used to calculate the exergy content of streams with given properties 
and composition. This implies that the choice of reference environment alters the 
results of the analysis. This issue renders exergy a pseudo-property [11]. The aim of 
this paper is therefore to illustrate the impact of both the drying rate as well as the 
selection of the environment of reference on the thermodynamic performance of a 
simplified conceptual drying process of a spray-dried lactose solution.  
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General description of the system 
We consider a conceptual drying process of a sprayed lactose solution by natural 
convection. A schematic representation of the system is shown in Figure 1. The 
model considers only the constant drying rate period, where the heat flux is equal to 
the mass flux. This constant drying rate period represents the largest part of the 
drying taking place in a spray dryer. The main assumptions made are listed below. 
 The exergy content of the inlet drying air describes the minimum amount of 
work spent to induce its quality. 
 
 The pressure drop of air in the filter, the heater, the spray dryer, and the 
cyclones can be around 0.3, 1.0, 1.2, and 0.6 kPa, respectively, while the 
static pressure gained by a blower can be around 3.4 kPa [12]. Therefore, a 
total pressure drop of about 3 kPa was assumed.  
 
 The lactose solution droplets are perfect spheres of uniform size. 
 
 Any additional exergy expenditure for droplet formation (e.g. pressurizing 
through the nozzles) is assumed to not be affected by the airflow provided 
and, therefore, it is not considered in this study.  
 
 The wet bulb temperature of the air is described as a function of the dry 
bulb temperature and the relative humidity with an approximation 
developed by Stull [13]:  
𝑇𝑤𝑒𝑡 = 𝑇𝑑𝑟𝑦 ∙ 𝑎𝑡𝑎𝑛 [0.151977 ∙ (𝑅𝐻% + 8.313659)
1
2] + atan(𝑇𝑑𝑟𝑦 + 𝑅𝐻%) 
         − atan(𝑅𝐻% − 1.676331) + 0.00391838(𝑅𝐻%)
3
2 atan(0.023101 ∙ 𝑅𝐻%)
− 4.686035 
where 𝑇𝑑𝑟𝑦  (K) is the dry bulb temperature of the air. This model is 
constrained to a dry bulb temperature range between -20 
o
C and 50 
o
C, and 
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within a relative humidity range between 5% and 99%, and excluding the 
cases of combined low temperatures and low relative humidity. 
 The temperature at the surface and in the interior of the droplets increases 
from a fixed initial temperature of 298 K to the wet bulb temperature at 
which it remains constant during the constant drying rate period. 
 
 The inlet air used for drying has a fixed inlet moisture content of 8 g water 
per kg dry air in all environments of reference studied. 
 
Figure 1. Conceptual drying process of a sprayed lactose solution by natural 
convection during the constant drying rate period. 
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Modelling 
The mass, energy and exergy balances are required to calculate the exergetic 
indicators. The dry bulb temperature of the inlet air and its moisture content 
determine its exergy content, i.e. its quality as a natural resource. The drying time 
for the constant drying rate period is considered as a constraint; all other parameters 
are kept constant or they are calculated as polynomial (fitted) functions of the dry or 
wet bulb temperature of the air (Tables A.1 and A.2 in Appendix). The total amount 
of water evaporated and the average evaporation rate are calculated from the mass 
balance. The water evaporation flux 𝐽𝑤 (kg/m
2
s) for a specific drying time is 
estimated by considering the decrease of droplet radius and integrating for the 
constant drying rate period. During the constant drying rate period the heat flux  𝐽𝑞 
(kJ/m
2
s) equals the water evaporation flux, where the Lewis number (𝐿𝑒) is close to 
unity: 
𝐽𝑞 = 𝐽𝑤 
𝐽𝑤 = 𝑘𝜌𝑎(𝑤𝑠 − 𝑤) 
𝐽𝑞 =
ℎ
∆𝐻𝑒𝑣
(𝑇 − 𝑇𝑤𝑒𝑡) 
𝐿𝑒 =
ℎ
𝑘𝜌𝑎𝑐𝑝𝑎
 
where 𝑘 (m/s) is the mass transfer coefficient, 𝜌𝑎 (kg/m
3
) is the density of air 
evaluated at the dry bulb temperature, 𝑤 (kg water/kg dry air) is the moisture 
content at the bulk of the air, ℎ (kJ/m2sK) is the heat transfer coefficient, ∆𝐻𝑒𝑣  
(kJ/kg water) is the latent heat of evaporation of water evaluated at the wet bulb 
temperature, 𝑇 (K) is the dry bulb temperature at the bulk of the air, 𝑇𝑤𝑒𝑡  (K) is the 
wet bulb temperature, and 𝑐𝑝𝑎 (kJ/kgK) is the heat capacity of air evaluated at the 
dry bulb temperature.  
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The mass and heat transfer coefficients are calculated by using the diameter of the 
droplets as the characteristic length: 
𝑘 =
𝐷𝑤𝑎𝑆ℎ
𝑑
                  ℎ =
𝜆𝑎𝑁𝑢
𝑑
 
where the thermal conductivity of air 𝜆𝑎 (kJ/msK) and the diffusion coefficient of 
vapour in air 𝐷𝑤𝑎  (m
2
/s) are expressed as functions of the dry bulb temperature [14]: 
𝐷𝑤𝑎 = 0.220 ∙ 10
−4 (
𝑇𝑑𝑟𝑦
273.15
)
1.75
 
The following empirical and generic formulas of Reynolds (𝑅𝑒), Prandlt (𝑃𝑟), 
Schmidt (𝑆𝑐), Nusselt (𝑁𝑢), and Sherwood (𝑆ℎ) dimensionless numbers are 
considered:  
𝑁𝑢 = 2 + 0.644𝑅𝑒1/2𝑃𝑟1/3 
𝑆ℎ = 2 + 0.644𝑅𝑒1/2𝑆𝑐1/3 
𝑅𝑒 =
𝜌𝑎𝑣𝑑
𝜇𝑎
               𝑃𝑟 =
𝑐𝑝𝑎𝜇𝑎
𝜆𝑎
               𝑆𝑐 =
𝜇𝑎
𝜌𝑎𝐷𝑤𝑎
 
The velocity of  the lactose solution droplets 𝑣 (m/s) is calculated using Stokes’ law:  
𝑣 =
2𝑟2[𝜌𝑑 − 𝜌𝑎]𝑔
9𝜇𝑎
 
where the viscosity of the air 𝜇𝑎 (Pa∙s) is evaluated at the dry bulb temperature, and 
𝜌𝑑 (kg/m
3
) is the density of the lactose solution, estimated by:  
𝜚𝑑 =
𝜚𝑤𝜚𝑠
𝜚𝑤𝑥𝑠 + 𝜚𝑠𝑥𝑤
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The density of water 𝜚𝑤 (kg/m
3
) is expressed as a function of the wet bulb 
temperature, and the density of the lactose solution 𝜚𝑠 (kg/m
3
) expressed as a 
function of the lactose content [15]: 
𝜌𝑠 = (0.00001263(100 − 𝜑𝑤)
2 + 0.003717(100 − 𝜑𝑤) + 0.99707) ∙ 10
3 
Consequently, the moisture content and the dry bulb temperature at the bulk of the 
air (outlet) are calculated by using the heat and mass flux equations. Additional 
equations used in the mass balance are shown on Table 1. The required airflow rate 
is calculated from the energy balance. Additional equations used in the energy 
balance are shown on Table 2. 
Table 1. Equations used in the drying model.  
 Formula Units 
Initial water content 𝑀𝑤𝑑 = 𝑁𝑑
𝜑𝑤
100
𝜌𝑤𝑉𝑑  [kg] 
Initial amount of lactose  𝑀𝑠𝑑 = 𝑁𝑑(1 −
𝜑𝑤
100
)𝜌𝑠𝑉𝑑 [kg] 
Total mass of solution  𝑀𝑑 = 𝑀𝑠𝑑 + 𝑀𝑤𝑑  [kg] 
Critical water content  𝑀𝑤𝑑
𝑐𝑟𝑖𝑡 =
𝜑𝑐
100
𝑀𝑤𝑑 [kg] 
Water evaporated  𝑀𝑒𝑣 = 𝑀𝑤𝑑 − 𝑀𝑤𝑑
𝑐𝑟𝑖𝑡  [kg] 
Critical droplet diameter 𝑑𝑐𝑟𝑖𝑡 = 2 (
3
4
𝑉𝑑
𝑐𝑟𝑖𝑡
𝜋
)
1/3
 [m] 
Average water evaporation 
rate 
𝑀𝑒𝑣̅̅ ̅̅ ̅ =
𝑀𝑒𝑣
𝑡𝑡𝑜𝑡𝑎𝑙
 [kg s-1] 
Dry air flowrate  𝑀𝑎 =
𝑀𝑒𝑣̅̅ ̅̅ ̅∆𝐻𝑒𝑣
[𝑐𝑝𝑠 + 𝑤𝑖𝑛𝑐𝑝𝑤](𝑇𝑑𝑟𝑦
𝑖𝑛 − 𝑇𝑜) − [𝑐𝑝𝑠 + 𝑤𝑐𝑝𝑤](𝑇𝑑𝑟𝑦
𝑜𝑢𝑡 − 𝑇𝑜)
 [kg s-1] 
 
Table 2. Equations used in energy analysis.  
 Formula Units 
Specific thermal energy of air 𝑞𝑎 = [𝑐𝑝𝑠 + 𝑤𝑐𝑝𝑤](𝑇𝑑𝑟𝑦 − 𝑇𝑜) [kJ kg
-1] 
Thermal energy rate or air 𝑄𝑎 = 𝑀𝑎𝑞𝑎 [kJ s
-1] 
Heat for water evaporation 𝑄𝑒𝑣 = 𝑀𝑒𝑣̅̅ ̅̅ ̅∆𝐻𝑒𝑣 [kJ s
-1] 
Specific thermal energy of lactose solution 𝑞𝑑 = [𝑥𝑠𝑐𝑝𝑠 + 𝑥𝑤𝑐𝑝𝑤](𝑇𝑤𝑒𝑡 − 𝑇𝑜) [kJ kg
-1] 
Thermal energy of lactose solution 𝑄𝑑 = 𝑀𝑑𝑞𝑑 [kJ] 
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The forms of exergy considered relevant in this study are shown in Table 3 and are 
calculated for the air and the lactose solution before and after the drying process. 
The thermal exergy of the air is evaluated at its dry bulb temperature, while the 
thermal exergy of the lactose solution is evaluated at the wet bulb temperature. The 
exergy transfer rate required to induce the phase change of water is considered as the 
product of the average evaporation rate with the latent heat of evaporation of water. 
Sometimes, this product is also multiplied with the Carnot efficiency to attribute a 
thermal quality aspect for phase change. In this way, however, the calculated work 
required is much less than what is necessary to evaporate the water, and therefore, 
the Carnot factor is not considered in this term. The pressure exergy of air is 
calculated by multiplying the volumetric airflow rate with its pressure difference 
with the environment of reference. The chemical exergy of the air is calculated by 
subtracting the exergy of mixing of the drying air from the exergy of mixing of the 
air at the conditions (i.e. moisture content) of the environment of reference.  
The exergy of mixing of the air accounts for the degree of mixing of its moisture 
with the dry air. The chemical exergy of the lactose solution is calculated based on 
the molar fractions of water and lactose present before and after drying, on their 
respective standard chemical exergies, and on the mixing exergy of lactose with 
water. The standard chemical exergy values of liquid water, of water vapour, and of 
lactose are shown in Table A.1. The kinetic, potential and surface tension forms of 
exergy are calculated by considering that their energy is fully convertible into work.  
Apart from the exergy input rate (kJ/s), and the exergy destruction rate (kJ/s), the 
exergetic indicators considered in this study are the specific exergy input use (kJ 
exergy of inlet air per kg vapour), the specific exergy destruction (kJ exergy 
destroyed per kg vapour), and the exergetic efficiency expressed in two ways (Table 
4). The first efficiency (universal) considers only the exergy destruction, i.e. the total 
output of the process is useful (i.e. both the air, and the concentrated lactose 
solution) and therefore, this efficiency indicates the maximum relative gain in 
exergy (in different environments of reference) when all output streams are 
cascaded. The second exergy efficiency accounts both for the exergy destruction as 
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well as for the wastage of the process (i.e. total exergy loss). The physical meaning 
of the other exergetic indicators has been described in literature [7]. An illustrative 
example of exergy flows entering and leaving a process is shown in Figure 2. 
The impact of the environment of reference on the thermodynamic analysis is 
assessed by selecting different intensive properties (i.e. ambient temperature, and 
moisture content) that describe it (Figure 3). 
 
Figure 2. Grassmann diagram of exergy flows over a conceptual process.  
 
Figure 3. Intensive properties of the environment of reference (absolute moisture 
content in g water per kg dry air, dry bulb temperature, and relative humidity) that 
are used to describe climates ranging from dry to moist and from cold to warm. 
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Table 3. Equations used in calculating the exergy of air and lactose solution streams. 
 Formula Units 
Specific thermal exergy of air 𝑏𝑡ℎ,𝑎 = [𝑐𝑝𝑎 + 𝑤𝑐𝑝𝑣] [𝑇𝑑𝑟𝑦 − 𝑇𝑜 − 𝑇𝑜𝑙𝑛 (
𝑇𝑑𝑟𝑦
𝑇𝑜
)] [kJ kg-1] 
Thermal exergy rate of air 𝐵𝑡ℎ,𝑎 = 𝑀𝑎𝑏𝑡ℎ,𝑎 [kJ s
-1] 
Exergy for phase change 𝐵𝑒𝑣 = 𝑀𝑒𝑣̅̅ ̅̅ ̅∆𝐻𝑒𝑣 [kJ s
-1] 
Pressure exergy rate of air 
𝐵𝑝𝑟,𝑎 =
𝑀𝑎
𝜚𝑎
|𝑃 − 𝑃𝑜|
1000
 
[kJ s-1] 
Specific mixing exergy of air 
𝑏𝑚𝑖𝑥,𝑤 = 𝑇𝑜𝑅 [
𝑤
𝑀𝑊𝑤
𝑙𝑛 (
𝑤𝑀𝑊𝑎
𝑤𝑀𝑊𝑎 + 𝑀𝑊𝑤
)
+
1
𝑀𝑊𝑎
𝑙𝑛 (
𝑀𝑊𝑤
𝑤𝑀𝑊𝑎 + 𝑀𝑊𝑤
)] 
[kJ kg dry air-
1] 
Specific chemical exergy of air 𝑏𝑐ℎ,𝑎 = |𝑏𝑚𝑖𝑥(𝑤𝑎) − 𝑏𝑚𝑖𝑥(𝑤𝑜)| + |𝑤𝑎 − 𝑤𝑜|𝑏𝑜,𝑠𝑡 
[kJ kg dry air-
1] 
Chemical exergy rate of air 𝐵𝑐ℎ,𝑎 = 𝑀𝑎𝑏𝑐ℎ,𝑎 [kJ s
-1] 
Specific thermal exergy of lactose 
solution 
𝑏𝑡ℎ,𝑑 = [𝑥𝑠𝑐𝑝𝑠 + 𝑥𝑤𝑐𝑝𝑤] [𝑇𝑤𝑒𝑡 − 𝑇𝑜 − 𝑇𝑜𝑙𝑛 (
𝑇𝑤𝑒𝑡
𝑇𝑜
)] [kJ kg-1] 
Thermal exergy of lactose solution 𝐵𝑡ℎ,𝑑 =
𝑀𝑑𝑏𝑡ℎ,𝑑
𝑡
 [kJ s
-1] 
Specific chemical exergy of lactose 
solution 
𝑏𝑐ℎ,𝑑 = 𝜒𝑤
𝑏𝑜,𝑤
𝑀𝑊𝑤
+ 𝜒𝑠
𝑏𝑜,𝑠
𝑀𝑊𝑠
 [kJ mol-1] 
Mixing exergy of lactose solution 𝐵𝑚𝑖𝑥,𝑑 = 𝑛𝑡𝑜𝑡𝑎𝑙𝑅𝑇𝑜 ∑ 𝜒𝑖ln (𝜒𝑖) [kJ] 
Chemical exergy of lactose solution 𝐵𝑐ℎ,𝑑 =
𝑀𝑑𝑏𝑐ℎ,𝑑 + 𝐵𝑚𝑖𝑥,𝑑
𝑡
 [kJ s
-1] 
Surface tension exergy of lactose 
solution 
𝐵𝛾 =
𝑉𝑑𝑁𝑑𝛥𝑃𝑑
1000𝑡
 [kJ s
-1] 
Potential exergy rate a 𝐵𝑝 =
𝑀𝑔𝐿𝑑𝑟𝑦𝑒𝑟
1000𝑡
 [kJ s
-1] 
Kinetic exergy rate 𝐵𝑘 =
1
2
𝑀𝑣2
1000𝑡
 
[kJ s-1] 
Exergy balance equations   
Exergy input rate of lactose solution ∑ 𝐵𝑑
𝑖𝑛 = 𝐵𝑐ℎ,𝑑
𝑖𝑛 + 𝐵𝑡ℎ,𝑑
𝑖𝑛 + 𝐵𝛾,𝑑
𝑖𝑛 + 𝐵𝑘,𝑑
𝑖𝑛 + 𝐵𝑝,𝑑
𝑖𝑛  [kJ s-1] 
Exergy input rate of air ∑ 𝐵𝑎
𝑖𝑛 = 𝐵𝑐ℎ,𝑎
𝑖𝑛 + 𝐵𝑡ℎ,𝑎
𝑖𝑛 + 𝐵𝑒𝑣 + 𝐵𝑝𝑟,𝑎
𝑖𝑛 + 𝐵𝑘,𝑎
𝑖𝑛 + 𝐵𝑝,𝑎
𝑖𝑛  [kJ s-1] 
Total exergy input rate ∑ 𝐵𝑡𝑜𝑡𝑎𝑙
𝑖𝑛 = ∑ 𝐵𝑑
𝑖𝑛 + ∑ 𝐵𝑎
𝑖𝑛 [kJ s-1] 
Exergy output rate of lactose solution ∑ 𝐵𝑑
𝑜𝑢𝑡 = 𝐵𝑐ℎ,𝑑
𝑜𝑢𝑡 + 𝐵𝑡ℎ,𝑑
𝑜𝑢𝑡 + 𝐵𝛾,𝑑
𝑜𝑢𝑡 + 𝐵𝑘,𝑑
𝑜𝑢𝑡 + 𝐵𝑝,𝑑
𝑜𝑢𝑡 [kJ s-1] 
Exergy output rate of air 
∑ 𝐵𝑎
𝑜𝑢𝑡 = 𝐵𝑐ℎ,𝑎
𝑜𝑢𝑡 + 𝐵𝑡ℎ,𝑎
𝑜𝑢𝑡 + 𝐵𝑝𝑟,𝑎
𝑜𝑢𝑡 + 𝐵𝑘,𝑎
𝑜𝑢𝑡 + 𝐵𝑝,𝑎
𝑜𝑢𝑡
= (𝐵𝑤𝑎𝑠𝑡𝑒𝑑) 
[kJ s-1] 
Total exergy output rate ∑ 𝐵𝑡𝑜𝑡𝑎𝑙
𝑜𝑢𝑡 = ∑ 𝐵𝑑
𝑜𝑢𝑡 + ∑ 𝐵𝑎
𝑜𝑢𝑡 [kJ s-1] 
Exergy destruction rate 𝐵𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 = ∑ 𝐵𝑡𝑜𝑡𝑎𝑙
𝑖𝑛 − ∑ 𝐵𝑡𝑜𝑡𝑎𝑙
𝑜𝑢𝑡  [kJ s-1] 
Exergy loss rate 𝐵𝑙𝑜𝑠𝑡 = 𝐵𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑 + 𝐵𝑤𝑎𝑠𝑡𝑒𝑑 [kJ s
-1] 
aThe length of the dryer is calculated by the product of droplet velocity with the fixed drying time. 
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Table 4. Exergetic indicators. 
 Formula Units Comment 
Specific exergy input 𝑆𝐸𝐼𝑣 =
𝐵𝑎
𝑖𝑛
𝑀𝑒𝑣̅̅ ̅̅ ̅
 [kJ kg
-1 vapour] 
Resource quality required 
per kg water removed 
Specific exergy 
destroyed 
𝑆𝐸𝐷𝑣 =
𝐵𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑
𝑀𝑒𝑣̅̅ ̅̅ ̅
 [kJ kg-1 vapour] 
Irreversibly lost work 
per kg water removed 
Exergy efficiency 
(universal) 
𝜂𝐼𝐼,1 = 1 −
𝐵𝑑𝑒𝑠𝑡𝑟𝑜𝑦𝑒𝑑
∑ 𝐵𝑖𝑛
=
∑ 𝐵𝑡𝑜𝑡𝑎𝑙
𝑜𝑢𝑡
∑ 𝐵𝑖𝑛
 [%] 
Considering only the exergy 
destruction 
Exergy efficiency 𝜂𝐼𝐼,2 = 1 −
𝐵𝑙𝑜𝑠𝑡
∑ 𝐵𝑖𝑛
=
∑ 𝐵𝑑
𝑜𝑢𝑡
∑ 𝐵𝑖𝑛
 [%] 
Considering both exergy 
destruction and exergy 
wastage 
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Results and discussion 
Results 
Short drying times require high evaporation rates which, as expected, lead to high 
dry air flow requirements (Figure 4). Given that the inlet air has a fixed moisture 
content at 8 g water per kg dry air, a high inlet air dry bulb temperature increases its 
capacity to remove water (i.e. low relative humidity) explaining, therefore, a faster 
drying process. It has to be noted that the drying model is restricted by the model of 
Stull [13] for calculating the relative humidity and wet bulb temperature, and which 
can be considered valid within the dry bulb temperature range tested in this study 
(Appendix B).     
 
Figure 4. Left: Dry air flowrate as a function of drying time and dry bulb 
temperature, and right: relative humidity. 
Figure 5 shows that a higher the dry bulb temperature lowers the input air exergy 
rate (i.e. thermal, chemical, pressure, kinetic, and potential exergy) due to the lower 
amount of airflow required. The kinetic, potential, and surface tension forms of 
exergy are small and can therefore be neglected in the analysis. In general, fast 
drying requires a higher exergy input rate than slow drying. It is noted that the inlet 
air exergy is only a very small fraction (ranging from 0.1% to 5% depending on the 
dry bulb temperature, the drying time, and the environment of reference) of the total 
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inlet exergy because it is dwarfed by the large amount of chemical exergy of the 
lactose solution (not shown).  
The exergy content of inlet air is affected by the selection of the environment of 
reference to a small degree. The lowest exergy investment required is calculated for 
a temperate environment of reference (i.e. 298 K and 41% relative humidity) when 
compared to the exergy inputs required in colder, warmer, dryer or moister 
environments of reference. This is because at this environment of reference the inlet 
air used for drying has the same moisture content (8 g water/kg dry air) as the air of 
the environment of reference, and therefore, which means that its exergy is mainly 
determined by the latent heat of evaporation (its chemical exergy is zero).  
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Figure 5. Inlet air exergy rate (chemical, thermal, pressure, kinetic, and potential 
exergy) as a function of its dry bulb temperature, assessed at different drying times, 
and at nine different environments of reference ranging from cold (280 K) to warm 
(308 K) and dry (5% relative humidity) to very moist (90% relative humidity). 
Details for the environment of reference intensive properties are shown in Figure 3.  
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Figure 6 shows that faster drying leads to a higher exergy destruction rate compared 
to slow drying. At first sight, the exergy destruction rate seems much higher than the 
exergy input rate. This is misleading, because the exergy destruction rate accounts 
also for the chemical exergy change of the lactose solution. As the lactose solution 
gets concentrated, its standard chemical exergy increases. However, the mass of the 
total lactose solution at the critical moisture content is less than before drying, 
leading to a considerable reduction in output chemical exergy, which effect is 
reflected in the exergy destruction rate. The exergy destruction rate for a fast drying 
process shows a mild decreasing profile as the dry bulb temperature increases, due 
to the more efficient use of the available work at high temperatures (related to the 
Carnot efficiency). Slower drying shows an almost constant exergy destruction rate.  
One should bear in mind that our analysis only includes the constant rate period, and 
therefore it is still possible to dry with air of 298 K and 90% relative humidity, albeit 
using prodigious amounts of air; evident in the large numbers for the exergy 
destruction. Of course, for the falling rate period, this air would not be suitable 
anymore. In addition, the velocity difference between droplet and air was freely 
adapted to find the required mass and heat transfer for a specific drying time. In 
reality, this velocity is much more limited and may even be dictated by the free 
falling velocity of a small droplet. In that case, air with low temperature and higher 
relative humidity cannot be used to dry in a given, short time.  
The selection of the environment of reference does not affect the profile of exergy 
destruction rate. When the share of exergy destruction by changes in chemical 
exergy is excluded, then thermal effects dominate (~90%) on exergy destruction 
over pressure effects for high dry bulb temperatures (low relative humidity), while 
they are much smaller (~20%) at low dry bulb temperatures (high relative humidity) 
due to the larger amounts of air pushed through the dryer (Appendix C).   
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Figure 6. Exergy destruction rate as a function of the dry bulb temperature, assessed 
at different drying times, and at nine different environments of reference ranging 
from cold (280 K) to warm (308 K) and dry (5% relative humidity) to very moist 
(90% relative humidity). Details for the environment of reference intensive 
properties are shown in Figure 3.    
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The exergy invested per unit mass of water evaporated (SEIv) shown in Figure 7 is 
independent of the drying time. Please note that in these figures, the independent 
parameter is the relative humidity of the drying air: a low relative humidity refers to 
a high air dry bulb temperature, and a high relative humidity to a low temperature. 
Thus, the dry bulb temperature decreases from left to right. It can be seen that the 
use of high dry bulb temperatures (i.e. low relative humidity) lead to a lower exergy 
requirement per kg of water evaporated than the use of low dry bulb temperatures 
(i.e. high relative humidity) because less air is required to complete the drying 
process. 
The profile with the lowest specific exergy investment required per unit mass of 
resource used is at a temperate environment of reference (i.e. 298 K and 41% 
relative humidity), while a steeper profile with higher values is obtained at a warm 
and moist environment of reference. The reason for these higher values at the warm 
and moist environment of reference is due to the difference of the absolute moisture 
content of the inlet air (8 g of water / kg dry air) with the moisture content of that 
particular environment of reference (32.3 g of water / kg dry air). In that 
environment of reference the inlet air is considered as dry, and therefore, has a high 
exergy value independently of its temperature.  
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Figure 7. Specific exergy of inlet air invested per kg of water evaporated as a 
function of its dry bulb temperature, assessed at different drying times, and at nine 
different environments of reference ranging from cold (280 K) to warm (308 K) and 
dry (5% relative humidity) to very moist (90% relative humidity). Details for the 
environment of reference intensive properties are shown in Figure 3.  
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The exergy destroyed per unit mass of water evaporated (SEDv) is shown in Figure 
8. The specific exergy destruction for fast drying is higher compared to slow drying, 
and its profile shows a decreasing trend as the relative humidity decreases (i.e. the 
dry bulb temperature increases) due to the more efficient use of available work at 
high temperatures (related to the Carnot efficiency). Moreover, the selection of the 
environment of reference does not affect the profile of specific exergy destruction.  
 
Figure 8. Specific exergy destroyed per kg of water evaporated as a function of the 
dry bulb temperature of inlet air, assessed at different drying times, and at nine 
different environments of reference ranging from cold (280 K) to warm (308 K) and 
dry (5% relative humidity) to very moist (90% relative humidity). Details for the 
environment of reference intensive properties are shown in Figure 3. 
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The exergy efficiencies nII,1 (universal) and nII,2 of the drying process are shown in 
Figure 9. The universal exergy efficiency profile is affected by the inlet air dry bulb 
temperature, the drying time, and the selection of the environment of reference. This 
efficiency is higher than the nII,2 efficiency with all environments of reference 
studied. The reason is that it accounts also for the exergy content of the air leaving 
the process, therefore, showing the potential gain in resource efficiency if this air 
would be considered as useful. The maximum nII,1 efficiency is around 10% and is 
obtained when air of low relative humidity (i.e. high dry bulb temperature) is used 
for drying, while the lowest efficiency can be as low as almost 1% when very moist 
air is used for drying due to psychrometric reasons that affect its capacity to absorb 
water. At an environment of reference that is warm (308 K) and moist (90% relative 
humidity), the outlet air leaving the process still has much lower moisture content 
than the environment of reference and therefore has high exergy content, which 
makes it valuable for cascading it to another process. It is also interesting to note 
that, in general, slow drying is much more efficient exergy-wise than fast drying in 
all of the nine environments of reference. In most of the environments of reference, 
the nII,1 efficiency follows a similar profile. A minimum of nII,1 is observed when the 
process is assessed at environments of reference that are warm (308 K) and with 
moderate (41%) and high (90%) relative humidity. The minimum occurs at a 
relative humidity of inlet air which corresponds to a dry bulb temperature that equals 
the temperature of the environment of reference (i.e. the thermal exergy content is 
zero). 
The highest value of the exergy efficiency nII,2 is around 3.5% which is obtained 
when air of low relative humidity (i.e. high dry bulb temperature) is used, and, in 
general, it is higher for slow drying rates than for fast drying rates. The use of very 
moist air leads to a very low nII,2 exergy efficiency which is explained by its lack of 
capacity to provide useful work for drying. The profile for this efficiency seems to 
be almost identical for all nine environments of reference.    
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Figure 9. Universal exergy efficiency (nII,1) and exergy efficiency (nII,2) as functions 
of the dry bulb temperature of inlet air, assessed for ten and fifty seconds of drying 
time, and at nine different environments of reference ranging from cold (280 K) to 
warm (308 K) and dry (5% relative humidity) to very moist (90% relative humidity). 
Details for the environment of reference intensive properties are shown in Figure 3. 
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Discussion 
The results of this case study are in line with some of the commandments proposed 
by Leites et al. [10]. For example, it was shown that an increased drying rate led to 
an increase in the specific exergy input requirement and exergy destruction per unit 
mass water removed. Additionally, the most exergy-efficient drying process was the 
one in which exergy entered and exited “along the full length” of the dryer (i.e. was 
utilized, and further cascaded). However, it was also shown that the heat transfer 
that took place at the highest (and not lowest) temperature difference (i.e. non-zero 
driving force) between the air and the lactose solution led to the most exergy-
efficient drying process. Perhaps the reason could be attributed to the coupling effect 
between heat and mass transfer affecting the capacity of air to remove water: a small 
change in one driving force can have a large impact on the effect of other driving 
forces, therefore affecting the overall exergy-efficiency of a process.   
The main findings of this analysis are summarized in the following points in the 
form of general rules that can be used as guidelines for designing efficient drying 
processes from an exergy point of view: 
 A slow process reduces the dissipation of resource quality. The reason is 
that fast drying destroys more exergy than slow drying, i.e. it is less exergy-
efficient. Obviously, practical limitations hinder the application of this rule 
in existing dryer designs, indicating that future research should focus on 
dryer designs that would allow for the longest possible drying times.  
 
 When fast drying is unavoidable, one should use a limited amount of hot air 
that provides a large driving force which is used almost completely.  
 
 Since a high driving force is used for only a very small part of the drying 
process, if possible, one should cascade any remaining driving force 
(potential gradients) in the air elsewhere. In this way the overall exergy 
losses can be minimised, and resource efficiency can be improved.      
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The exergy losses would be much higher if, for example, the additional expenditure 
for preheating the air in a burner would be considered in the assessment. However, 
this would not change the conclusions, as this expenditure is proportional to the 
thermal exergy of the inlet air. Therefore, this part of the analysis was intentionally 
left out in order to focus completely on the exergy destruction of the drying process 
and on the potential improvement by reusing the outlet air.       
A few more methodological aspects where shown with this study: 
 The kinetic, potential, and surface tension forms of exergy were much 
lower than 0.1% of the total exergy input for all cases studied, which 
renders their contribution negligible.  
 
 This study indicates that, even though exergy is considered as a pseudo-
property, the degree of quality dissipation per unit mass water evaporated, 
and the exergetic efficiency stay almost unaffected by the selection of the 
intensive properties of the environment of reference. Similar outcomes 
have been obtained by other authors who studied aircraft technology. Etele 
et al. [16] analysed the exergetic performance of an aerospace engine in 
two different environments of reference (i.e. at sea level and at 15000 m). 
They showed that the selection of a constant reference environment that is 
independent of the actual operating conditions of the system, is enough to 
accurately describe its exergetic efficiency [16]. The environment of 
reference affects the distribution of exergy destroyed and exergy wasted, 
however, the overall relation between exergy destruction and exergy input 
to the system is independent of its selection [17]. Therefore, the study 
presented in this paper shows that exergy analysis can be considered as an 
objective tool for assessing the resource efficiency of industrial food 
processes. 
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Conclusions 
The exergy concept was demonstrated to be useful in assessing the real efficiency of 
the use of resources in a conceptual drying process. The thermodynamic 
performance of the drying process of a lactose solution is strongly affected by the 
quality of air used, which is described by its dry bulb temperature (affecting its 
thermal exergy) and its absolute moisture content (affecting its chemical exergy). 
The contribution of surface tension, kinetic and potential exergy is negligible and 
can be neglected.  
The case study presented here demonstrates that the more the quality of air used 
deviates from the environment of reference the higher its value. The results show 
that the use of high driving forces (i.e. air of high dry bulb temperature and low 
relative humidity) lead to drying processes with high exergetic efficiencies. 
However, faster drying rates lead to higher exergy destruction and lower exergy 
efficiency than slow drying rates. This indicates that cascading high quality outputs 
to other processes and processing slower can theoretically improve the resource 
efficiency of drying processes.  
Additionally, it was shown that the exergy destruction is independent of the 
selection of the environment of reference. This analysis contributes in identifying 
general guidelines for the effective (production of high-quality foods), and efficient 
(use of the least possible quantity of natural resources) design of industrial food 
production processes. 
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Nomenclature 
Ad surface area of droplet [m
2
] 
Bth,a thermal exergy rate of air  [kJ s
-1
] 
Bev exergy rate required for the phase change of water  [kJ s
-1
] 
Bch,a chemical exergy rate of air  [kJ s
-1
] 
Bpr,a pressure exergy rate of air  [kJ s
-1
] 
Bk,a kinetic exergy rate of air  [kJ s
-1
] 
Bp,a potential exergy rate of air  [kJ s
-1
] 
Bmix,d mixing exergy of lactose and water [kJ] 
Bth,d thermal exergy of lactose solution [kJ] 
Bch,d chemical exergy rate of lactose solution  [kJ] 
Bpr,d pressure exergy rate of lactose solution  [kJ s
-1
] 
Bk,d kinetic exergy rate of lactose solution  [kJ s
-1
] 
Dwa diffusion coefficient of water vapour in air [m
2
 s
-1
] 
Jw water evaporation flux [kg (m
2
)
-1
 s
-1
] 
Jq heat flux [kJ (m
2
)
-1
 s
-1
] 
𝐿𝑑𝑟𝑦𝑒𝑟  height of dryer [m] 
M mass [kg] 
Ma air flow rate [kg s
-1
] 
Mev total amount of water evaporated [kg] 
𝑀𝑒𝑣̅̅ ̅̅ ̅ average evaporation rate [kg s
-1
] 
Md total mass of the droplet [kg] 
Mwd water mass in the droplet [kg] 
Msd lactose mass in the droplet [kg] 
𝑀𝑑
𝑐𝑟𝑖𝑡 critical mass of the droplet [kg] 
𝑀𝑤𝑑
𝑐𝑟𝑖𝑡 critical water mass in the droplet [kg] 
𝑀𝑑
𝑓𝑖𝑛𝑎𝑙
 final mass of the droplet [kg] 
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Nd total number of droplets [-] 
MWw molecular weight of water [kg mol
-1
] 
MWa molecular weight of air [kg mol
-1
] 
MWs molecular weight of lactose [kg mol
-1
] 
P pressure [Pa] 
Pw vapour pressure [Pa] 
Ps saturation vapour pressure [Pa] 
Po pressure of the environment of reference [Pa] 
R gas constant [kJ mol
-1 
K
-1
] 
RH relative humidity [%] 
To temperature of the environment of reference [K] 
Twet wet bulb temperature [K] 
Tdry dry bulb temperature [K] 
Qd thermal energy of the droplet [kJ] 
Qa thermal energy rate of the air [kJ s
-1
] 
𝑉𝑑 droplet volume [m
3
] 
bth,a specific thermal exergy of air  [kJ kg
-1
] 
bch,a specific chemical exergy of air  [kJ kg
-1
] 
bmix,w specific mixing exergy of moisture and dry air  [kJ kg
-1
] 
bth,d specific thermal exergy of lactose solution [kJ kg
-1
] 
bch,d specific chemical exergy of lactose solution [kJ kg
-1
] 
cpa heat capacity of air [kJ kg
-1 
K
-1
] 
cpv heat capacity of water vapour [kJ kg
-1 
K
-1
] 
cps heat capacity of lactose [kJ kg
-1 
K
-1
] 
cpw heat capacity of water [kJ kg
-1 
K
-1
] 
d droplet diameter [m] 
dc critical droplet diameter at the end of the constant drying rate period [m] 
g gravitational acceleration [m (s
2
)
-1
] 
h heat transfer coefficient [kJ (m
2
)
-1
 s
-1
 K
-1
]  
k mass transfer coefficient [m s
-1
] 
ηtotal total number of moles [-] 
𝜂𝐼𝐼,1 universal exergy efficiency [%] 
𝜂𝐼𝐼,2 exergy efficiency [%] 
𝑟𝑑 droplet radius [m] 
v velocity [m s
-1
] 
qd specific thermal energy of the droplet [kJ kg
-1
] 
qa specific thermal energy rate of the air [kJ kg
-1
] 
wa moisture content of the air [kg water kg dry air
-1
] 
wo moisture content of the air of the environment of reference [kg water kg dry 
air
-1
] 
ws saturation moisture content of the air at the surface of the droplets [kg water 
kg dry air
-1
] 
Le Lewis number [-] 
Re Reynolds number [-] 
Pr Prandlt number [-] 
Nu Nusselt number [-] 
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Sh Sherwood number [-] 
Sc Schmidt number [-] 
xda mass fraction of dry air in air [-] 
xv mass fraction of water vapour in air [-] 
xs mass fraction of lactose in droplet [-] 
xw mass fraction of water in droplet [-] 
𝑥𝑤
𝑐𝑟𝑖𝑡
 mass fraction of critical water content in droplet [-] 
𝑥𝑤
𝑓𝑖𝑛𝑎𝑙
  mass fraction of final water content in droplet [-] 
γ surface tension [N/m] 
λa thermal conductivity of air [kJ s
-1
 m
-1
 K
-1
] 
μa viscosity of air [Pa s] 
μw viscosity of water [Pa s] 
μs viscosity of lactose [Pa s] 
ϱa density of air [kg (m
3
)
-1
] 
ϱw density of water [kg (m
3
)
-1
] 
ϱs density of lactose [kg (m
3
)
-1
] 
ϱd density of droplet [kg (m
3
)
-1
] 
φw initial water content of the droplet [%] 
φc critical water content of the droplet as a percentage of the initial water 
content [%] 
𝜒𝑤  molar fraction of water in the lactose solution [-] 
𝜒𝑠 molar fraction of lactose in the lactose solution [-] 
ΔHev latent heat of evaporation of water [kJ kg
-1
] 
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Appendix A 
Table A.1. Additional parameters and assumptions used in the analysis.  
Parameter Value Units 
Universal gas constant  8.314 [J mol-1 K-1] 
Ambient temperature 298 [K] 
Ambient pressure 101325 [Pa] 
Ambient moisture content 8 [g water kg-1 dry air] 
Outlet air moisture content 9 [g water kg-1 dry air] 
Inlet lactose solution temperature 298 [K] 
Droplet diameter 100∙10-6 [m] 
Number of droplets 109 - 
Water fraction in the droplet 90 % 
Critical water content  20 % of initial water content 
Heat capacity of lactose 1.2a [kJ kg-1K-1] 
Pressure drop 𝛥𝑃𝑑 =
2𝛾
𝑟𝑑
 [Pa] 
Inner pressure of the droplet 𝑃𝑖 = ∆𝑃 + 𝑃𝑜 [Pa] 
Relative humidity 𝑅𝐻 =
𝑃𝑤 
𝑃𝑠𝑎𝑡  
100 [%] 
Water vapour pressure 
𝑃𝑤 =
𝑃𝑜𝑤𝑎
𝑀𝑊𝑤
𝑀𝑊𝑎
+ 𝑤𝑎
 
[Pa] 
Saturation vapour pressure 𝑃𝑠 =
𝑃𝑜
760
10
8.07131−
1730.63
233.426+𝑇𝑑𝑟𝑦−273.15 [Pa] 
saturation moisture content 
Over the surface of the droplets 
𝑤𝑠 =
𝑀𝑊𝑤
𝑀𝑊𝑎
𝑃𝑠
𝑃𝑜 − 𝑃𝑠
 [g water kg-1 dry air] 
Molecular weight of water  0.018 [kg mol-1] 
Molecular weight of air 0.029 [kg mol-1] 
Molecular weight of lactose 0.342 [kg mol-1] 
Standard chemical exergy of water 50b [kJ kg-1] 
Standard chemical exergy of vapour 530c [kJ kg-1] 
Standard chemical exergy of lactose 16000d [kJ kg-1] 
aAssumed to be the same with the heat capacity of crystal sugar [18]. 
b,c,dValues adapted from [19]. 
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Table A.2. Polynomial constants for the calculated properties of the drying air and the lactose solution with data obtained from [20]. 
Constants 𝝁𝒂 𝝔𝒂 𝝔𝒅𝒂 𝒄𝒑𝒂 𝝀𝒂 𝝁𝒘
a 𝝔𝒘 𝒄𝒑𝒘 ∆𝑯𝒆𝒗 𝒄𝒑𝒗 
Units [Pa s] [Kg (m3)-1] [Kg (m3)-1] [kJ kg-1K-1] [kJ s-1m-1K-1] [Pa s] [Kg (m3)-1] [kJ kg-1K-1] [kJ kg-1] [kJ kg-1K-1] 
Function of 𝑇𝑑𝑟𝑦(K) 𝑇𝑑𝑟𝑦(K) 𝑇𝑑𝑟𝑦(K) 𝑇𝑑𝑟𝑦(K) 𝑇𝑑𝑟𝑦(K) 𝑇𝑤𝑒𝑡(K) 𝑇𝑤𝑒𝑡(K) 𝑇𝑤𝑒𝑡(K) 𝑇𝑤𝑒𝑡(K) 𝑇𝑑𝑟𝑦(K) 
C6 2.190E-21 4.422E-17 2.417E-17 9.227E-17 -7.286E-22 -1.126E-09 -4.895E-12 2.757E-13 -7.695E-13 1.244E-21 
C5 -7.970E-18 -1.798E-13 -7.235E-14 -7.889E-14 2.430E-18 1.847E-06 1.327E-08 -7.019E-10 1.691E-09 -2.522E-17 
C4 1.150E-14 2.961E-10 9.384E-11 1.872E-11 -3.025E-15 -1.184E-03 -1.484E-05 7.350E-07 -1.545E-06 1.980E-13 
C3 -8.393E-12 -2.573E-07 -7.268E-08 -5.136E-10 1.736E-12 3.603E-01 8.758E-03 -4.050E-04 7.358E-04 -7.413E-10 
C2 3.244E-09 1.280E-04 3.896E-05 2.446E-07 -4.550E-10 -4.632E+01 -2.876E+00 1.238E-01 -1.913E-01 1.235E-06 
C1 -5.860E-07 -3.656E-02 -1.470E-02 1.828E-05 1.117E-07 0.000E+00 4.980E+02 -1.991E+01 2.332E+01 -2.262E-04 
b 5.338E-05 5.583E+00 3.425E+00 1.005E+00 5.853E-06 3.663E+05 -3.446E+04 1.320E+03 1.757E+03 1.844E+00 
aConverted into Pa∙s by multiplying with 10-6. 
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Appendix B 
Psychrometric model 
The drying model in this research is limited within the temperature range studied 
(from 280 K to 323 K). As expected, the relative humidity at fixed moisture content, 
decreases as the dry bulb temperature increases, and a higher moisture content at a 
particular dry bulb temperature corresponds to a higher relative humidity.  
 
Figure B1. Left: relative humidity as a function of the dry bulb temperature (K) and 
moisture content (g water/kg dry air), right: wet bulb temperature (K) as a function 
of the dry bulb temperature (K) and moisture content (g water/kg dry air) following 
the model of Stull [13]. 
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Appendix C 
 
Figure C.1. Exergy destruction share (excluding chemical exergy destruction) 
between thermal exergy destruction (continuous line) and pressure exergy 
destruction (dotted line) as a function of the dry bulb temperature, assessed at nine 
different environments of reference ranging from cold (280 K) to warm (308 K) and 
dry (5% relative humidity) to very moist (90% relative humidity). Details for the 
environment of reference intensive properties are shown in Figure 3.   
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Chapter 6 
General discussion 
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Introduction 
This thesis focused on understanding sustainability in the food industry in terms of 
natural resource use by adopting the concept of exergy. The aim was to bridge the 
fields of exergy and food engineering and to identify overarching principles that can 
lead to the formulation of general rules in the form of guidelines for the sustainable 
design of industrial food production chains. Firstly, different industrial food 
production chains and processes were assessed to pinpoint exergy-inefficient 
locations, and secondly, the reasons behind these inefficiencies were studied. The 
thermodynamic performance of industrial food production chains was assessed both 
at a chain level (industrial bread and mushroom production), as well as on a process 
level (spray drying of a lactose solution). 
During the research, a number of questions of methodological nature arose from the 
use of the concept of exergy that are highly relevant both for the assessment as well 
as for the design of resource-efficient food production chains. The most important 
questions were: What should be the value of a resource in the exergetic assessment 
of industrial food production chains? How to deal with the embodied exergy value 
of the external inputs used (e.g. an enzyme formulation)? How should the different 
outputs be valued? Should a waste-stream that is released to the environment of 
reference have a negative exergy content? What is the impact of the system 
boundaries on the analysis and how should one consider them?  
This chapter summarizes the main findings of the cases studied, discusses the 
questions posed above, describes resource efficiency in the context of exergy, lists 
general rules for the sustainable design of industrial food production chains, and 
proposes future directions for the practical implementation of exergy analysis.  
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Methodological aspects of exergy analysis 
Exergy analysis as a sustainability assessment tool 
The cases studied demonstrated the usefulness of exergy analysis as a sustainability 
assessment tool for the food industry, which is briefly recapped in the following 
points: 
 Exergy is an objective concept because it is based on the first and second 
law of thermodynamics. However, subjective decisions have to be made 
with regard to the selection of the environment of reference, the system 
boundaries, the interpretation of the thermodynamic analysis, and the 
suggestion of potential improvements.  
 
 Exergy is expressed in a single unit (Joule). This enables the comparison of 
streams of different nature (e.g., energy and mass), but should not be 
confused with the unit Joule for energy.  
 
 Exergy analysis can be applied for assessing the thermodynamic 
performance of any system, and therefore, also industrial food production 
chains. Thermodynamics is a concept that applies to all of nature, and 
therefore has no limiting area of validity. Exergy analysis thus can be 
applied on microscale, mesoscale and macroscale.  
 
 Exergy can quantify the resource investment in terms of available work 
required to drive the production of foods.  
 
 Exergy analysis can quantify the dissipation of the quality of resources, 
revealing exergy wasteful locations (Critical Exergy loss Points) along a 
food production chain. Processes are seen as thermodynamic engines the 
performance of which is assessed by using exergetic indicators (e.g. exergy 
lost to produce one kg of product). 
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 Exergy analysis is a tool for comparing different systems, or scenarios with 
each other, and it identifies side-streams (material and immaterial) that can 
theoretically be reused.  
A critical view on the use of exergy for describing the quality of 
resources  
Even though the exergy concept offers a considerable number of benefits compared 
to, for example, an energy analysis, it should also be critically assessed. A resource 
within exergy analysis is considered as any stream, material or immaterial, the state 
of which differs from a predefined environment of reference in terms of e.g. 
concentration, temperature, pressure, and any other aspect that might be relevant for 
the assessment, and which is used as an input to a process. Material streams are 
described by their chemical exergy (e.g. due to concentration gradients and effects 
of mixing) and physical exergy (e.g. thermal, potential, kinetic, pressure gradients 
etc.), while immaterial streams are described solely by their physical exergy. 
However, the exergy of a stream is the amount of work that can be extracted in 
relation to an environment of reference at ideal condition and infinitely slow 
exchange rate. As a result, the physical meaning of exergy of a stream has to be 
considered only in relative terms. Therefore, exergy is a co-property because its 
value depends on the selection of the environment of reference [1]. Exactly because 
of this sensitivity on a (subjective) selection of environment of reference, exergy has 
been characterized as a pseudo-property [2]. Nevertheless, exergy consumption is 
independent of the selection of the environment of reference and, therefore, it can 
still be used to compare industrial food production chains and processes in an 
objective manner (Chapter 5).       
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Considering the exergy content of resources and products in 
industrial food production  
The consumption of physical exergy (and more precisely thermal exergy) in 
industrial processing has been studied extensively, and to the best of the author’s 
knowledge, it is the most commonly used approach to assess the exergetic 
performance of food processes. However, little attention is given to the chemical 
exergy of streams. Often this is allowed because those streams are “transiting” only, 
and therefore constant in the amount and composition. Chemical exergy is generally 
much larger in magnitude than physical exergy, and it can play an important role in 
the final result of an exergy analysis, particularly for cases where material losses 
take place. This is an important lesson from exergy analysis: one should always 
close the material balances before one optimises the energy balance (physical exergy 
use). This is in agreement with more qualitatively based philosophies such as the 
cradle-to-cradle design approach, which also states that all material should be used 
and recycled, while it does not concern itself with the efficient use of energy.  
The currently available databases of chemical exergy values are limited to the 
standard chemical exergy of elements, and of inorganic and relatively simple 
organic compounds [3-6]. Dewulf et al. [7] proposed a methodology that connects 
life cycle assessment databases with exergy analysis, and captures eight different 
resource categories that represent natural resource consumption into a single 
cumulative exergy value.  
Unfortunately, there are no values tabulated for most of the raw materials, 
ingredients, and other inputs used in the food industry, and their standard chemical 
exergy has to be calculated. According to Morris and Szargut [3]: “if an exact 
calculation of the chemical exergy of a particular element is impossible because of 
the lack of sufficiently exact thermodynamic data, the calculation should be done as 
exactly as possible (with currently available data) and the result should be accepted 
as a conventional standard value of the chemical exergy of the element under 
consideration”. Following this reasoning a “quick reference library” with chemical 
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exergy values for raw materials, ingredients, foods, food products, and other inputs 
would be very valuable for designing, assessing, improving, and monitoring the 
exergetic performance of the food industry. However, for the creation of an exergy-
based library a certain distinction has to be made between the standard chemical 
exergy of material streams, and their additional cumulative exergy consumption (if 
any). Moreover, the following aspects should be considered: 
 When reference substances are not readily available, then the standard 
chemical exergy of a material has to be calculated based on its composition 
(by considering ingredients such as protein, starch, fat content etc. or 
elements such as carbon, hydrogen, oxygen etc.) which can range 
considerably (e.g. variation in the moisture content of a crop due to 
seasonal variation).   
 
 A mixing exergy term is added to account for the compositional ingredients 
that are “brought together from the environment of reference” to form it. 
However, except for very small molecules, this mixing exergy is usually a 
very small negative number, and is clearly not enough to account for the 
formation of materials and products which require additional inputs and 
particular conditions to grow or to form (e.g. vegetables, milk, meat, bread 
etc.). Moreover, the value in a food product is often not in its degree of 
mixing, but in its state of de-mixing, i.e., the microstructure of the 
components, which by necessity implies a system that is not completely 
mixed. 
 
 Any additional embodied exergy value listed would depend greatly on the 
way the material has been either extracted, grown, harvested, transported, 
or processed.  
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Therefore, the calculated chemical exergy of food ingredients, food products, and 
other raw materials involved in the whole production chain can be considered as the 
available work that is stored within the chemical bonds of the raw material or food 
product, and which is useful due to its concentration difference in relation to the 
environment of reference. The higher the standard chemical exergy of a material the 
more valuable it is in terms of exergy. As a quantitative example, the specific 
standard chemical exergy of wheat straw used as a raw material in the industrial 
mushroom production chain (Chapter 4), was calculated at 19.1 MJ/kg [8] which is 
very close to the value of Song et al. [9] (19.3 MJ/kg), and to the values of Zhang et 
al. [10] (21.1-21.5 MJ/kg). The difference is due to the relative percentage of the 
ingredients assumed in the straw, particularly the amount of water present. The 
influence of the moisture content is large because the standard chemical exergy of 
liquid water (0.05 MJ/kg) is much smaller than the standard chemical exergy of 
other food components such as proteins (e.g. 20 MJ/kg), carbohydrates (e.g. 16 
MJ/kg), and fats (e.g. 22 MJ/kg). Thus, the chemical exergy of very moist products 
is influenced much less by the composition of their dry matter than by their moisture 
content.  
As another example, the specific chemical exergy of four different tomato varieties 
was calculated based on compositional data by Hernandez et al. [11]. The specific 
chemical exergy values of the tomato varieties were 0.84 MJ/kg for Dorothy, at 0.99 
MJ/kg for Boludo, at 1.00 MJ/kg for Dominique, and at 1.02 MJ/kg for Thomas 
(Figure 1). Even if the composition amongst the tomato varieties differs, the range 
of the standard chemical exergy value is quite narrow. Moreover, while the 
contribution of water in weight percentage is dominant, exergy-wise it is only 5% of 
the average standard chemical exergy of tomato. Fibres have the highest 
contribution in the average specific chemical exergy at 36%, followed by fructose at 
21%, while glucose and proteins are both at 19%.  
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This indicates that a highly concentrated food product is more valuable in terms of 
exergy per kilo in comparison to a dilute food product. However, this distinction 
neither accounts for additional resource consumption for its production (embodied 
exergy) nor for any nutritional value.  
 
Figure 1. Distribution of the standard chemical exergy values of four tomato 
varieties (Dorothy, Boludo, Dominique, and Thomas) in left: absolute values for 
each nutrient and variety, and right: as a relative share of the chemical exergy of 
nutrients in the average standard chemical exergy (of all four varieties). The 
compositional data are obtained by Hernandez et al. [11]. The standard chemical 
exergies of each nutrient assumed were: protein 22 MJ/kg, fibre 17 MJ/kg, glucose 
and fructose 16 MJ/kg, ash 0.4 MJ/kg, water 0.05 MJ/kg. The mixing exergy has 
been neglected for simplification.  
The importance of the environment of reference 
The intensive variables (e.g. temperature, pressure, and moisture content) as well as 
the standard chemical exergy values (tabulated in literature) that describe the 
environment of reference have to be defined for all relevant streams that are 
assessed. The differences between different environments of reference that are used 
in exergy analysis have been discussed by Dincer [1].  
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One of the most commonly used environments of reference is the natural-
environment-subsystem model where the air is assumed to be at atmospheric 
pressure, at temperate temperatures (e.g. 25 
o
C), and saturated with water [1]. 
However, the selection of the moisture content of the environment of reference 
should be considered in more depth. In drying processes, the use of psychrometrics 
is mandatory for capturing the exergetic content of drying air (both chemical and 
thermal) which depicts the magnitude of the driving forces (e.g. temperature and 
humidity differences with the product). In an environment of reference where the air 
is considered saturated, any airflow with a relative humidity lower than 100% used 
for drying will have a capacity to remove water from a product, i.e. have the ability 
to exert work. Obviously, the use of saturated ambient air as a point of reference is 
not always realistic since it is restricted to describing only moist environments. 
Additionally, one could argue that in reality the natural environment has global 
properties with dynamic gradients that can be exploited to produce useful work (e.g. 
wind power, tidal forces etc.). In exergy analysis the environment of reference is 
usually chosen as a local, static sink. The main problem of using a global definition 
of the environment of reference with its standard atmosphere, standard sea and 
standard bed-rock, is the disequilibrium between all these sub-environments. To 
mitigate this problem, the use of local and seasonal standards has been proposed 
instead [1]. It can even be used to indicate most ideal places for specific 
transformations in food products, and perhaps explain the origin of some traditional 
products (e.g. sun-dried tomatoes, pickles, cured meat etc).  
In cases where chemical exergy is relevant (e.g. changes in material flows, reactions 
etc.), the standard chemical exergies of the main elements that describe the 
environment of reference have to be defined. The most commonly used reference 
substances are the ones proposed by Szargut et al. [12] stating that the main 
elements that describe it are selected by meeting two criteria: a) the Earth similarity 
criterion, which states that they should be most abundant on Earth, and b) the 
stability criterion, which states that they should be in their most stable form. These 
criteria, and particularly the stability criterion, remove any disequilibrium issues 
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between the reference substances. The standard chemical exergy values for a 
number of elements and molecules have been tabulated and they have been used 
extensively in literature for the calculation of the chemical exergy values of material 
streams. However, Szargut’s environment of refence has also been criticized with 
the argument that it is used to define the chemical exergy of the very elements from 
which it is self-defined [2]. The reconstruction of an environment of reference that is 
ontologically solid will strengthen the methodological foundations of exergy 
analysis.  
For the food industry, an environment of reference that considers the nutrional 
aspects of foods should be developed because the purpose of industrial food 
production chains is to supply food products with chemical exergy that should be of 
nutritional value to the consumers. Currently, the chemical exergy content does not 
consider nutritional values: e.g. differentiating between one kilo of bread (around 
11-13 MJ) from one kilo of wood (around 11 MJ [13]). The use of additional 
nutritional quality factors would allow for a distinction amongst e.g. a non-digestible 
raw material, and a nutritious food product. In the cases studied in this thesis, similar 
food products (e.g. bread products) were compared with each other where their 
quality aspects were set as the main constraint for a fair comparison. When 
completely different food products are to be compared (e.g. the exergetic 
requirements for the production of a loaf of bread with those of a box of 
mushrooms) then nutritional aspects should also be considered as system 
constraints. A nutritional extension of exergy analysis would enhance its power in 
comparing the “nutritive exergy” of different food products.  
The exergy content of waste streams 
In a conventional exergy analysis, any stream dispersed into the environment of 
reference is assumed to attain complete equilibrium with that environment, and 
therefore, loses its exergy content. Waste streams in industrial food processes can be 
either material (e.g. spoilt or unsold food products, leakages, emissions etc.) or 
immaterial (e.g. waste heat). Considering that material streams can have a much 
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higher exergy value than physical streams, their inefficient use has a great impact on 
the sustainability of the total food production chain (as has been shown in Chapters 
3 and 4). One could choose to not represent the exergy content of a waste stream on 
a Grassmann diagram. However, by illustrating this wasted exergy, one can also 
communicate in a visual manner the theoretical useful work that could be regained if 
the side stream was regarded as a useful.    
Of course, avoiding, reducing, or reusing material side streams is usually not for 
free. The upgrade of a waste stream requires additional exergy expenditure by 
further processing with e.g. additional raw materials (e.g. adding an enzyme 
formulation to assist the fermentation of recycled bread waste for the production of 
sourdough) or by providing particular conditions (e.g. mimicking seasonal changes 
during the industrial composting process of horse and chicken manure which are 
used as a substrate for mushroom production). Waste streams can occur at any part 
along the food production chain. It is intuitive that the later the wastage occurs in the 
chain, the higher is its embodied exergy and its quality/nutritional value (since the 
chain is designed to generate this quality or nutritional value). Therefore, the later 
the wastage in the chain, the worse the impact is for the overall sustainability of the 
chain. There might be additional implications for recycling or reusing food waste 
streams that are not necessarily of technological nature such as food safety issues, 
extensive legislative support, considerable financial investment, and efficient and 
effective communication between all stakeholders involved in the chain [14].  
Clearly, the first priority in reducing food wastage should be its prevention, and only 
whenever that is not possible, other options such as reuse and recycling should be 
considered [15]. However, recycling might also not be the best option for improving 
environmental performance. A redesign of the total chain could be more beneficial. 
For example, a recent study on the recycling of phosphorus demonstrated that it is 
actually better to redesign agricultural systems to minimize phosphorus loss rather 
than to use recycling technologies [16]. Other studies that deal with the recovery of 
functional ingredients from waste streams for both the food and pharma industries, 
proposed: (1) the use of industrial symbiosis between sectors/stakeholders, (2) the 
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classification of waste streams according to their nature and size, and (3), the use of 
assessment methods that consider the whole system of actors and processes for 
identifying potential markets for these ingredients [17]. 
The potential reuse of immaterial waste heat streams can be assessed by considering 
their thermal exergy. Ideally, high quality heat should be used for processes that 
require this high quality but high temperature waste heat streams occur only in 
certain food processes (e.g. spray drying or batch sterilization). By making use of 
pinch analysis, the most exergy-efficient heat exchange network designs can be 
found, however, this method is mainly aimed at continuous production processes, 
and is less developed for batch process systems, which is the nature of many food 
production processes. In addition, any practical implementation of exergy-efficient 
heat network is usually feasible only when it is considered in the initial design 
phases of an industrial food processing plant.    
Greenhouse gases (e.g. carbon dioxide) and other types of emissions (e.g. ammonia) 
can also be included in an exergy analysis. Transportation emissions are waste 
streams occurring in the logistical network of industrial food production chains. It 
has been proposed that the chemical exergy of transportation emissions can be used 
as an environmental impact indicator that shows the degree of disequilibrium with 
the environment [18]. Another proposition was to consider the exergy content of the 
emissions and waste streams as constrained and unconstrained, where a constrained 
exergy stream would be one that does not harm the environment, and an 
unconstrained one could potentially harm the environment due to its unleashed 
exergy [19]. However, other authors who criticize exergy have argued that this is 
contradicting with a reference environment that is in equilibrium and its only 
function is to act as a sink “soup of chemicals” [20].  
For the cases studied in this thesis, transportation exergy losses were considered 
only in terms of chemical exergy losses, i.e. the amount of fuel chemical exergy 
consumed for sourcing and delivering a certain amount of raw materials and 
products. Furthermore, a simplified logistical network was assumed in all cases. It 
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was found that the exergy losses due to transportation were quite low compared to 
other steps in the chain. That could potentially be different for industrial food 
production chains that extend globally where transportation exergy losses could 
have a more pronounced effect on the total exergy losses. In the case where harmful 
emissions are produced during production (e.g. ammonia during composting), 
environmental policy regulations oblige the industry to abate these emissions (e.g. 
by scrubbing the air with a highly concentrated sulphuric acid solution), indicating 
additional exergy expenditure. The exergetic requirements of abatement processes 
can be considered as the necessary amount of exergy required to bring the emission 
streams “back to equilibrium” with the reference environment.  
The effect of system boundaries on exergy analysis 
The industrial production of food comes at a price that is not solely economic. All 
food products, and each one of their ingredients and other inputs used for their 
production, have a certain “embodied” cost of production depending on the way 
they were collected, harvested or produced. Several indicators have been developed 
that consider the cumulative consumption of a particular natural resource, or the 
cumulative impact for producing a food product before it reaches the consumer. A 
few well known indicators are food miles, carbon footprint, water footprint, and 
embodied energy content. For example, it has been estimated that to produce one 
litre of diesel approximately 46 MJ of energy have to be spent
13
, of which 99.8% is 
coming from non-renewable resources (Figure 2) [21].  
                                                          
1According to the Netherlands Enterprise Agency [21]: The Gross Energy Requirement (GER) is a 
measure of the gross energy content of a substance expressed in primary energy. Primary energy is the 
energy content of energy in their natural form, before any technical transformation has taken place. The 
GER value consists of two components: a share of renewable energy and a share of non-renewable 
energy. Non-renewable energy represents the energy which leads to depletion of resources and thus to an 
environmental impact. Renewable energy represents either inexhaustible sources which do not lead to 
pollution effects, or forms of energy that are always present (wind, solar, hydro, geothermal), or the 
calorific value of a renewable crop.   
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Figure 2. Gross energy requirement (GER) for different types of fuels, and 
electricity [21].  
Burning fuels for producing fuels is irrational in terms of natural resource 
consumption, especially when there are “greener” options available. The same 
argument could apply to the current way of industrial food production: burning fuels 
(that were produced in processes that were heated by burning fuels) for producing 
food (of which 1/3 is wasted on a global scale [22]) is not sustainable. However, 
even though the numbers used in these analyses are constructed by following well-
established methodologies (e.g. life cycle assessment), they should be treated with 
care, and their contents should only be used as indicative values, because they 
usually do not consider the “quality of energy” invested, and their derivation might 
not be always straightforward (e.g. due to the level of complexity of the analysis, the 
assumptions made etc.). The sole consideration of the compositional chemical 
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exergy values of raw materials and other inputs omits their embodied exergy value 
(and hence neglects the cumulative resource consumption for their production), but 
it does simplify the analysis to a level that still allows for relevant conclusions to be 
drawn, also for other actors within the food production network studied. 
The values of the chemical exergy calculated in the cases studied in this thesis do 
not consider any additional exergy expenditure. Composite food products would 
require an extensive analysis to account for an embodied exergy value for each 
individual ingredient. For example, the production of wheat flour has additional 
steps, and even after excluding wheat cultivation the complexity of the analysis is 
considerable (Figure 3). Mulder et al. [23] already showed that if the system 
boundaries of an exergy analysis are extended backwards in the chain including the 
sun as the main source of exergy input, then the inefficient transformation of solar 
exergy into biomass (e.g. wheat straw) diminishes the effect of any additional 
exergy inputs (e.g. pesticides, nutrients, gasoline etc.). Solar exergy is abundant and 
could be considered as a less relevant input in the design of industrial food 
production chains, especially because it would dwarf the effects of other sources, 
therefore, not allowing for a comprehensive visualization of other exergy flows. 
However, solar exergy is a limiting factor for solar capturing technologies and in 
this particular case it makes sense to include it in the analysis.  
By considering the whole production chain the relevance of the analysis for a 
particular stakeholder of the chain (e.g. a particular food processor) is generally lost 
within the vast complexity. The consideration of embodied exergy values for each 
ingredient, even though useful for estimating the cumulative exergy loss, could 
render the analysis complex, ambiguous, potentially hard to overview due to the 
width of the system boundaries, and likely relevant only for very specific cases (e.g. 
for a particular product). The extensive use of details in the assumptions for 
analysing the exergetic performance of an industrial food production chain, even 
though useful in capturing production practices, might have limited contribution in 
the overall assessment. For example, the use of rough estimates on the composition 
of foods on carbohydrates, proteins, and fats, followed by a simplified assumption 
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on their average molecular weights is adequate to describe the chemical exergy of 
products.  
Moreover, using extensive details for describing a unit operation (e.g. detailed 
operation of a belt conveyor), especially during the preliminary stages of the 
analysis where a simple overview of the main exergy flows is sufficient, might cost 
additional effort without providing considerable added value on the outcome of the 
analysis (e.g. negligible losses). Besides, data might either not be readily available, 
or might range considerably for a number of process parameters. Therefore, a 
simplification of the overall food production chain to its most essential parts is 
sufficient to capture crucial aspects of data variability and process inefficiency, and 
will facilitate the analysis.    
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Figure 3. Mass flow analysis of the Dutch wheat flour distribution network. The 
network was constructed by the author with information from [24]. Data (e.g. 
imports and exports) were collected by FAOSTAT for 2010 [25] (most of which are 
likely to be traded, and not processed amounts). The losses coefficients are from 
FAO [22]. The losses were split into: a) postharvest handling and storage (4%), 
transportation (2%), processing and packaging (5.25%).  
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Summarizing  
The main methodological aspects of exergy analysis discussed are summarized: 
 Exergy has been characterized as a pseudo-property, however, it can still be 
considered as an objective concept for the sustainability assessment of 
industrial food production chains and processes when the results are 
expressed in an intensive way (e.g. per kg product or resource used) as they 
are not dependent on the selection of the environment of reference.  
 
 A “quick reference library” listing the chemical exergy, and embodied 
exergy values of raw materials, ingredients, foods, food products, and other 
inputs will assist the sustainable design and assessment of industrial food 
production chains and processes. 
 
 A nutritional extension of exergy analysis would assist the design of 
sustainable food production chains and facilitate the comparison of 
different food products. 
 
 The inefficient use of material streams greatly impacts the sustainability of 
the total food production chain because the chemical exergy content is 
usually much larger than the physical exergy. Therefore, a thorough mass 
flow analysis can be as important as an exergy analysis. The theoretical 
useful work that could be regained from a side-stream should be included 
in a Grassmann diagram for visualization purposes. 
 
 Harmless side-streams (i.e. non-toxic) that are wasted into the environment 
have a zero exergy value. Toxicity cannot be accounted for in an exergy 
analysis yet. Therefore, the exergy content of the side-streams that are 
harmful and which are wasted into the environment should represent the 
minimum exergy that has to be spent for their abatement, i.e. in order to 
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bring them “back to equilibrium” with the reference environment. It can 
also be included as a design criterion when developing a new process.  
 
 Simplifying the analysis by considering only the relevant system 
boundaries facilitates the assessment. Solar exergy can dwarf the effects of 
other exergy flows on the exergetic assessment of industrial food 
production chains and therefore, it can be excluded from the analysis.  
Consequences for the design of industrial food production chains 
Archetypes of industrial food production chains 
The categorization of industrial food production chains in conceptual archetypes is 
valuable for the development of sustainable system design. In these archetypes, food 
processes are seen as thermodynamic engines that deliver safe, nutritious, palatable, 
and sustainable food products. Quoting Špicar [26]: 
“understanding the system archetypes helps making the correct decisions 
because it allows the users to see beyond the apparent behaviour and leads 
them to understand the system in its entirety.”  
Industrial food production chains can be categorized in three main archetypes 
illustrated in Figure 4: a) linear chains, b) side-stream-recycling chains, and c) 
network chains. Linear chains are described mainly by combined material exergy 
streams that flow throughout the chain in a linear manner until the very last step of 
consumption. Side-stream-recycling chains are described by closed loops that reuse 
side-streams at any part of their enclosed system boundaries, mainly for their own 
benefit. Network chains can be seen as branched chains with multiple input flows 
that first converge towards central nodes of the system (i.e. processes where most of 
exergy streams flow through), and then diverge to other sides. They can involve also 
other sectors, pointing towards the direction of bio-refinery and industrial symbiosis.   
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 The linear chain. An example is the conventional bread production chain 
(Chapter 3). In such a chain, all components are collected and processed, 
and through a sequence of steps, a product (portfolio) is created. Along the 
chain, side streams are generated, which are typically wasted, or used for 
low-value purposes. This chain type can be very efficient in terms of the 
production of the main product (portfolio), provided the amount of material 
(and energy) lost in the side stream remains very limited. Generally 
however, in these chains the focus is usually on the product to produce, and 
not on the complete conversion of the raw materials into high-value 
products.  
 
 The side-stream-recycling chain. An example is the sourdough bread 
production chain, with the waste bread from the supermarkets collected, 
fermented, and re-processed into sourdough bread (Chapter 3). Such a 
chain is a typical case where one cannot avoid the generation of side 
streams. Another example is the case of industrial mushroom production 
where the spent compost is much larger than the actual food product of the 
chain (Chapter 4). A logical approach is then to use these side streams of 
such a chain as part of its own raw materials, thus lowering the net use of 
raw materials. It has been shown that both the exergetic and the economic 
performance of the whole system can be improved considerably when all 
side-streams of industrial mushroom production are recycled and reused 
completely [27]. In some cases, however, the amount of exergy involved in 
the recycling can be high, possibly even higher than the exergy content of 
the side streams would justify. Moreover, the overall exergy efficiency of 
the food production chain might also be reduced if part of the recycled 
waste stream (e.g. wasted bread) is used to create higher amounts of a 
competing “exergy-dilute” product (e.g. sourdough) rather than the actual 
“exergy-rich” product of chain (e.g. sourdough bread). These types of 
chains can be encountered when the (more) complete conversion of the raw 
materials into end product(s) is more important.  
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 The network chain. This chain extends its system boundaries to include 
additional stakeholders (which can be related to other sectors). If 
production of side streams cannot be avoided, and there is no option to re-
use on-site the side streams (e.g., after conversion or upgrading), then one 
may transfer the side streams to other actors, who may use it for the 
production of very different things (e.g. use of champost for energy [28] or 
fertilizer purposes [29]). It has been shown that the exergetic optimization 
of industrial bread and mushroom production comes at the expense of a 
decreased economic profit [30] [27]. This indicates that at some point, 
(sub)optimization of a single food production chain does not make sense 
anymore and optimization has to be done in a wider system. While this 
interconnectivity may yield better overall exergetic performance, one also 
becomes more dependent on other actors, and therefore this enhanced 
efficiency can impact negatively on the resilience against external 
disturbances (e.g. an unforeseen factor that might cause the whole network 
structure to shift its “optimum structure”).  
Currently, many food products consist of a number of ingredients, all of which 
might have their own production chains. Therefore, one could argue that the food 
production system is on a high level already a network, and therefore, highly 
efficient. However, many of these ingredients are highly processed and refined 
which leads to additional exergy expenditure, since on a smaller scale the processes 
used for this refining are generally linear.  
Perhaps complete refinement of ingredients is unnecessary, and sustainable solutions 
for obtaining “good quality” food products might lie in the better use of “side-
streams” (i.e. new raw materials/ingredients) that are obtained “earlier” in the 
network. If individual food production chains are seen as sub-systems of a larger 
network, then they do not necessarily have to be highly specialized on delivering a 
very limited number of extensively processed food products, but they could rather 
focus on delivering all of their minimally processed (portfolio) side-streams to other 
actors in the chain maximally.  
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Obviously, wide system boundaries and the inclusion of multiple actors are aspects 
that increase the complexity of the analysis considerably. Besides, a complex 
network will probably require investments in technologies that are not exergy-
intensive for recycling and reusing side-streams efficiently. Nevertheless, rethinking 
the design of food production chains as networks seems to be a very reasonable 
option for ensuring an exergy-efficient supply of food products. 
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Figure 4. Conceptual archetypes of industrial food production chains: top: the linear chain, middle: the recycling-side-stream chain, 
bottom: the network chain.  
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Adapting insights from systems ecology 
Entropy production (i.e. exergy destruction) does not necessarily have a negative 
impact on the environment because it merely indicates the degradation of driving 
forces [31]. This seems to be a rather counter-intuitive argument that could invite 
someone to ask: “if exergy destruction does not negatively affect the environment 
then why should we bother using exergy analysis?”. However,  exergy destruction 
quantifies an unavoidable cost of running a process e.g. for converting one form of 
exergy into another. Always, a certain amount of exergy has to be invested to 
operate any process, leading to a certain amount of destroyed exergy. In the case 
where the process is suboptimal, additional exergy is wasted unnecessarily, and thus, 
the total exergy losses also increase unnecessarily.  
A brief look on how ecosystems work could shed more light on clarifying the 
previous counter-intuitive statement regarding the production of “non-harmful” 
entropy. Following a systems ecology approach, it is theorized that ecosystems self-
organize, grow, and develop by adopting configurations that allow for maximum 
exergy flux and for maximum exergy storage [32, 33]. They do so by minimizing 
their specific dissipation rather than maximizing their total dissipation [34]. In this 
way they maximize exergy storage faster, particularly: a) by maximizing the exergy 
input, b) by maximizing the exergy retention time, and c) by maximizing the internal 
exergy recycling [34].  
Additionally, the self-organization of ecosystems lies on the interplay between two 
complementary aspects: efficiency (specialization in a certain task) and resilience 
(through redundancy of connections in their network) [35]. Following this 
reasoning, exergy utilization (i.e. storage and consumption) is theorised to occur 
naturally in ecosystems, and particularly the way exergy is flowing, is preserved, 
and is destroyed seems to matter for their self-organization and health. Ecosystem 
health can be assessed by using the concept of eco-exergy and structural exergy, 
because these indicators consider complexity. For example: “a kilogram of grass 
has lower eco-exergy than a kilogram of lion, although their physical and chemical 
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exergy storage might be identical” [36]. Regarding industrial ecosystems it has been 
shown that firms with low interconnectedness for exchanging material and energy 
flows with each other, are much more resilient (i.e. able to maintain eco-efficient 
exergy flows under disruptions) than highly connected and inter-dependent firms 
[37]. 
Perhaps by understanding nature’s exergy flux management, and by measuring 
complexity by using the concept of eco-exergy, insights could be reached (through 
analogies) for the sustainable design of industrial food production networks. It could 
be hypothesized that industrial food production chains that are designed for 
maximum utilization of all exergy flows in a broader network of sufficient 
complexity (i.e. to have flexibility and avoid “rigid inter-dependency”), will be 
highly resilient exergy-wise. 
Guidelines for the design of sustainable food production chains 
Sustainability should be intrinsically designed into industrial food production chains 
rather than specified afterwards. General rules for the design of sustainable systems 
(ranging from chemical processes to buildings) have been formulated by Denbigh 
[38], by Leites et al. [39], by Schmidt [40], and by Stremke et al. [41] which could 
also apply for the design of sustainable industrial food production chains. Therefore, 
by summarizing the main finding of this thesis (considering the already existing 
design rules), the following guidelines are proposed to be adopted by the food 
industry to design sustainable food production chains exergy-wise: 
 Avoid the generation of waste streams, particularly material (chemical 
exergy) streams (chain architecture 1: linear). Exergy losses later in the 
chain are more severe than losses in the beginning of the chain. 
  
 When the avoidance of waste streams is not possible then consider them as 
side-streams by either recycling or reusing them, i.e. by closing all material 
loops of the chain (chain architecture 2: recycling). Choose for internal 
recycling only when this can be done via a small exergetic investment.  
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 If internal recycling is too costly, then external cascading is recommended 
(chain architecture 3: network). This is valid both for material and 
immaterial exergy streams. Material cascading involves the use of side 
streams for another process; immaterial cascading involves the use of 
physical exergy in other processes by matching the necessary exergy 
requirements.   
 
 In a network chain, saturate all nodes with just the minimum exergy 
required and make sure that all exergy outflows are utilized maximally, and 
are not wasted. 
 
 From a set of given processes, select one that is slowest, i.e. reduces the 
dissipation of resource quality.  
 
 In each process identify the main driving forces that are relevant, and match 
their size to what is minimally required to achieve the process in the given 
process time, i.e. distribute the driving forces in such a way that the amount 
of exergy that is destroyed is as close as possible to the unavoidable amount 
of exergy destruction. 
 
 If high driving forces are used for only a very small part of the process, 
then cascade any remaining gradients to another process to improve the 
overall resource efficiency. 
 
 Whenever possible, make use of renewable energy sources. 
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Towards a sustainable food industry 
The main focus of today’s food industry is the demand-driven production of an 
abundance of cost-effective (cheap) food products rather than the efficient 
conversion and the complete use of raw materials and energy, and their proper 
management throughout the complete food production chain [42-46]. This modus 
operandi leads to large amounts of food (materials) being wasted, material side-
streams discarded, water and energy consumed, and land used to no purpose [22, 
47]. It is indisputable that the sustainable production and supply of food on a global 
scale will be one of the main challenges to be faced in the coming years [48].  
With this thesis we showed that the application of exergy analysis as a sustainability 
assessment tool of industrial food production chains is feasible and can provide 
useful information for the efficient use of natural resources. The use of exergy 
destruction as a criterion for estimating the depletion of natural resources has 
already been proposed (e.g. [49, 50]). A number of authors argued that exergy 
destruction should be used in policy making for sustainable development [51, 52], 
while others recommended exergy wastage taxation through the active participation 
of governments [53, 54]. An entropy added tax (EAT) was already proposed by Hirs 
in the early 90s [55]. In such a system, the involved stakeholders in the food 
production chain would be taxed for exergy-inefficient processing and exergy 
wastage practices, while the consumers would have to face taxation according to the 
cumulative exergy spent for producing the delivered food products or services. The 
allocation of exergy use to specific products is however very difficult in a strongly 
networked economy. Moreover, passing an exergy-based tax on consumers would 
be difficult, because it would depend on how the concept of exergy is communicated 
and on whether it would be accepted by the society as an objective benchmark 
indicator. Nevertheless, consumers would still have the option of comparing exergy-
sustainable food products in such a system, and this “license to consume exergy” 
would form an incentive for companies to improve their environmental 
performance. The importance of understanding resource efficiency in terms of 
exergy and not solely of economics has been stressed by Robert Ayres [31]: “It is 
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not the finiteness of resource stocks, but the fragility of self-organized natural cycles 
that we have to fear. Unfortunately, the services provided by these cycles are part of 
the global commons. They are priceless, yet “free”. Markets play no role in the 
allocation of these resources”. The main hurdle to be overcome for the adoption of 
exergy analysis as an assessment tool by the food industry, still seems to be the 
communication of its usefulness and of the results.  
The implementation of exergy safeguarding practices in the food industry is not an 
infeasible task. Some encouraging practical applications exist, which could inspire 
the adoption of the exergy concept as a mandatory requirement for the sustainable 
design of industrial food production chains. For example, a dairy processing plant 
was assessed by exergy analysis to reduce the thermodynamic inefficiencies in the 
system [56].  
In another case, a heat (thermal exergy) integration framework that comprised of 
four main steps (i.e. process zoning and data extraction, zonal analysis, intra-zonal 
integration, and inter-zonal integration) was developed and applied successfully on a 
confectionary factory [57]. These studies demonstrate the feasibility of monitoring, 
collecting, and assessing data by using the concept of exergy, as well as of designing 
exergy-efficient systems.  
It should be stressed that any modifications on the configuration of the complete 
food production chain should be done with caution. Industrial scale intensification 
might also lead to negative results by integrating processes without considering the 
potential effects on the environment. For example, integrated bioenergy production 
from peach nectar residues was shown to minimize the environmental impact when 
the energy produced was utilized directly on site, and was considered as a by-
product that did not compete with the actual food product, therefore, not disturbing 
the soil nutrient cycles through unsustainable biomass removal rates [58].   
Of course, the implementation of any exergy preservation program should extend to 
all directions. It should not only focus on rendering the food industry more 
sustainable but also on educating policy makers, retailers, consumers, and all other 
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stakeholders involved in the chain, to learn how to value high quality exergy 
appropriately. Some authors stress the importance of multi-stakeholder collaboration 
for achieving target objectives that go beyond production interests [59]. Other 
authors propose a reverse-engineering decision making approach for designing food 
products that is based on expert knowledge modelling which is not yet possible to be 
automated [60].  
Exergy resource use and consumption, could be used in policies that do not stress 
only food waste (chemical exergy) reduction management, but exergy loss reduction 
practices in general. Strong incentives, increased awareness, and support by 
governments and international organizations could facilitate the adoption of exergy 
preservation programmes by the food industry. The use of exergetic indicators could 
prove useful in building up databases for monitoring the exergy performance of 
industrial food production chains, and for formulating evidence-based policies that 
mandate exergy efficiency targets.  
A resilient society that will be self-sufficient, and autonomous in feeding itself 
without disrupting the environment, could be achieved by learning how to balance 
between the efficient and effective use of natural resources. This thesis showed that 
exergy can be an important and practical means to this end.  
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Summary 
In this thesis the concept of exergy is applied to assess the environmental 
performance of industrial food production chains and processes in terms of resource 
efficiency. Exergy is an objective metric to assess resource efficiency because it is 
based on the first and second law of thermodynamics, and it quantifies the available 
work that can be extracted from a stream or a process in relation to a selected 
environment of reference.  
The objective of the work reported in this thesis is to identify overarching principles 
that can lead to general rules in the form of guidelines for the sustainable design of 
industrial food production chains, firstly, by pinpointing the exergy-inefficient 
locations, and secondly, by understanding the reasons for these inefficiencies.  
Chapter 2 presents a literature review focused on the use of exergetic indicators in 
assessing the sustainability of industrial food production chains and processes. 
Exergy analysis has been applied extensively in the energy and the construction 
sectors, its potential, however, has not been fully exploited within the food industry 
yet. The use of various exergy-based indicators is summarized and their physical 
meaning is discussed. Drying processes are the most frequently studied processes 
due to the high energy requirements of water evaporation. The chapter finally 
discusses additional aspects and challenges in assessing the thermodynamic 
performance of industrial food production chains and processes with exergy 
analysis, as well as potential future trends.  
Chapter 3 demonstrates the use of exergy analysis in assessing the sustainability of 
an industrial bread production chain. Conventional bread production (with bread 
wasted at the retailer) is compared to par-baking (where bread waste is avoided by 
baking on demand), and to a fermented breadcrumb technology (where the bread 
waste is reworked into a new product of equally good quality). The results show that 
closing mass balances should be the first priority in improving the resource 
efficiency of a food production chain because unused material side-streams translate 
into considerable amounts of chemical exergy wasted. Furthermore, recycling of 
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material streams for forming new products can also improve the efficiency of the 
chain but only as long as it comes at reasonable additional exergy cost for re-
processing.   
Chapter 4 introduces Critical Exergy loss Points (CEPs) as a criterion for 
identification of the locations within the food production chain where most of the 
exergy losses occur, and for assessment of potential chain modifications for the 
improvement of its thermodynamic performance. As a case study, the resource 
efficiency of an industrial mushroom production chain was assessed: the two main 
CEPs in this chain are the first phase of composting process and the final steaming 
of the spent compost. The actual food product (mushrooms) of this food production 
chain is much smaller in terms of mass than the side-stream generated (spent 
compost), suggesting recycling of the latter. Assessment of the theoretical recycling 
of this spent compost as a new raw material showed that the exergetic performance 
of this chain could be improved considerably. These results demonstrate that 
decisions regarding chain improvement should be based on the nature and size of the 
exergy losses (which can be either physical or chemical exergy). Additionally, it was 
shown that variability in data can lead to both quantitatively and qualitatively 
different outcomes; not only were different values for the selected indicators 
obtained, in addition a different number of CEPs was identified. 
Chapter 5 explores exergy assessment for understanding the exergy losses 
associated with the fundamentals of a particular single process step. As a case study 
the exergetic requirements of a spray drying process were investigated, to 
understand the consequences of increasing processing rates on the resource 
efficiency of the process. A conventional drying model was used to describe the 
impact of utilizing air of different qualities on the thermodynamic performance of a 
conceptual convective drying process of a lactose solution. The higher the quality of 
the air, i.e. the more its temperature and moisture content deviate from the 
environment of reference, the more exergy it has. A high quality is however 
necessary, since the drying times in a spray drying process have to be short. This 
implies that outlet air, which still might have high quality, should be cascaded to 
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other processes to improve the overall resource efficiency. The thermal and 
chemical exergy of the air and the food product are the most relevant forms of 
exergy to consider in a natural convective drying process while the effects of the 
kinetic, potential, and surface tension exergy can be neglected. It was shown that the 
use of large driving forces (i.e. warm and dry air) is better than the use of smaller 
ones (i.e. cold and moist) in terms of exergy destruction, and that slower processing 
is better than fast drying exergy-wise. Additionally, the influence of the selection of 
the environment of reference was assessed, and it was found that it does not affect 
the results. This study demonstrates the usefulness of the exergy concept for 
assessing the real efficiency of resource use in food processes.  
Chapter 6 is a general discussion that summarizes the main findings of the cases 
studied and the generalizations based on those case studies. Industrial food 
production chains are characterised into three different archetypes, and general 
guidelines for their sustainable design are formulated. Additional aspects related to 
the use of exergy such as the allocation of a value to waste streams, the impact of 
system boundaries, and the influence of the environment of reference, are also 
critically discussed. Finally, a few thoughts related to the use of exergy in policy 
related aspects are presented.   
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